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SUMMARY

This report describes the work accomplished during the fifth
six-month period of an analytical, design, and experimental
program directed at developing compressor end seals, stator
interstage seals, and stator pivot seals for advanced air-breathing
propulsion systems.

Feasibility analyses of the OC diaphragm thin-strip seal, the
semirigid one-piece seal, and the flexure-mounted shoe seal
have been completed. Each of these three concepts has been
analyzed in both an end seal configuration and an interstage
seal configuration, thus completing the Task I work. Results
of the analyses indicated that the best configurations were the
OC diaphragm end seal and the semirigid interstage seal. Both
of these seals have been chosen for further evaluation under
Task II.

Most of the work under Tasks II and IV has been concerned
with procurement ahd fabrication of the seals, instrumentation,
and test equipment. In addition, a gas-film analysis and a
thermal analysis of the one-side floated-shoe end and interstage
seals were performed under Task II. Testing has started on the
single-bellows vane pivot seal, (Task IV) but no results are
available as yet.

No work has been performed under Task III in the last six
months.

Milestone Charts are presented at the end of this report.
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SEMIANNUAL REPORT NO. 5

DEVELOPMENT OF COMPRESSOR END SEALS,
STATOR INTERSTAGE SEALS, AND STATOR PIVOT
SEALS IN ADVANCED AIR-BREATHING
ENGINES

by

R. M. Hawkins, A. H. McKibbin, and C, C. W. Ng

ABSTRACT

Tracking analyses and thermal analyses of the OC diaphragm
thin-strip seal, the semirigid interstage seal, and the flexure-
mounted shoe seal are discussed. The tracking analysis in-
cludes the effects of seal tilt angle, engine speed (take-off,
cruise, and idle conditions), and natural frequencies of the
seal. Primary emphasis is placed on the OC diaphragm end
seal and the semirigid interstage seal, since these designs
were chosen for further evaluation. In addition the prepara-
tions for testing the end and interstage seals and the vane
pivot seals are discussed.
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NOMENCLATURE

A ring cross sectional area (in?)
Bss ;ﬂex shoe tab transverse stiffness (Ib/in)

- BS a flex shoe tab cross coupling stiffness (1b/rad)
B s flex shoe tab cross coupling stiffness (in-1b/in)

. Baa flex shoe tab angular stiffness (in-1b/rad)
Cy Cy 5 influence coefficients associated with o n
Cs15Cy, influence coefficients associated with
C,1>C,, influence coefficients associated with u_
C,.» C,, influence coefficients associated with A
Cl,Cz,C3 magnitude of71,72 Y3
E modulus of elasticity (1b/in?)
F.,F,,F 3 forces on semi-rigid seal (1b/in)
F, “0O” diaphragm pressure load (Ib/in)
Fg helical coil spring force (1b/in)
Fg,,Fg ) C and O diaphragm spring reactions (1b/in)
F, carrier axial pressure load (Ib/in)
Fy carrier radial pressure lorzrad (Ib/in)
G modulus of rigidity (Ib/in®), shear modulus of elasticity (Ib/in?)
I area moment of inertia (in*)
I,1,,L, mass moment of inertia (in-lb-sec?)
Ip‘ area moment of inertia (in*)
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axial gas film stiffness (1b/in/in)

carrier spring stiffness (1b/in/in)

axial gas film stiffness per unit area (lb/in/inz)
angular gas film stiffness (in-1b/in. rad)

cross coupling film stiffness (Ib/in-rad)

cross coupling film stiffness (in—1b/in/in)
bending stiffness of seal ring = % (in-1b/in-rad)
OC diaphragm stiffness, (1b/in/in)

OC diaphragm cross coupling stiffness (1b/in-rad)

OC diaphragm cross coupling stiffness (Ib/in/in)

OC diaphragm angular stiffness (in-1b/in-rad)

spring constants (Ib/in) (See Figure 17)

moment (in-1b/in)

gas film restoring moment (in-1b/in)

bending moment (in-1b/in)

residual moment due to ““C”” diaphragm tolerance,

residual moment due to “O” diaphragm tolerance

combined residual moment due to tolerances = M_ +M_ (in-1b/in)

carrier residual moment (in-1b/in)
residual moment (in-1b/in)

flexible ring twisting moment (in-1b/in)
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dimensionless quantity defined by Equation 40
unit flow rate (Ib/sec-in)

total flow rate (Ib-sec)

piston ring flow rate (1b/sec)

gas constant (in2/° R-sec?)

seal ring radius (inches)

combined radial stiffness of seal ring (Ib/in/in)
radial stiffness of OC spring diaphragm (Ib/in/in)
temperature (°R or °F)

velocity (in/sec)

shearing force (1b/in)

seal or bearing reactions (Ib/in)

dimensionless seal or bearing loads

orifice radius, (inches)

seal radius (inches)

groove width (inches)

ridge width (inches)

pad width (inches)

width dimensions, (inches)

pad length (inches)

strain (in/in)

gravitational constant (in/sec?)

mean film thickness (inches)
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pl’p2

Ap

step bearing land clearance (inches)

step bearing recess clearance (inches)

Rayleigh pad recess depth (inches)

minimum gas film thickness (inches)

combined mode minimum film thickness (in)

minimum film thickness resulting from residual moments (in)
mean film thickness resulting from residual moments (in)

final, combined minimum film thickness (in)

thermal conductivity ( Glr—B(;I;?UT- >

back up spring stiffness for flexure-mounted shoe seal (1b/in)
beam length (inches)

net change in axial film thickness (inches)

mass in flow (Ib-sec/in?)

mass (Ib-sec?/in)

number of orifice holes

operational mode (1, 2, 3 ...... etc.)

ambient and supplied pressure respectively (psia)

pressure difference (psi)

‘restoring force (1b/in)

restoring moment (in-1b/in)

radial coordinate

thickness (inches)
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t time (sec)

u, transverse seal ring displacement (inches)

u, transverse carrier displacement (inches)

u dynamic seal ring transverse response to runner deformations §_ and €,
v, static seal ring transverse response to seal-ring deformation

(§, and n_) (dimensionless)

w flow rate (Ib/hr)

X, dimensionless center of pressure

x* centroid, x coordinates (in)

X, center of pressure = bic (inches)

X X105 Xp, radial displacements of spring diaphragms (inches)
X s Xy Xy rigid body displacements (inches)

il , 7('2 , Y3 radial displacements of ring centroid, (inches)

Xy X,5 radial thermal mismatch (inches)

§-c dimensionless center of pressure

y transverse displacement (inches)

y beam deflection (inches)

Y:Y,,9, force moment arms (in)

y* centroid y coordinate (in)

z axial coordinate (inches)

z axial displacement of OC springs

z, initial axial position of OC springs

z net axial displacement of OC springs = z-z, (inches)
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o seal tilt angle (radians)
a coefficient of thermal expansion (in/in/°F)
o dynamic seal ring angular response to runner deformations € and 6,
B spiral groove angle (degrees)
g static seal ring angular response to seal ring deformation § and"
n
Vi Y2o Y, rigid body angular displacement
LT, Ty I',, special parameters defined in Equation 27
o initial transverse deformation of rotor surface (inches)
) thermal radial mismatch (inches)
8, n-th component of dimensionless, initial transverse rotor deformation
€ initial angular rotor deformation (radians)
€, n-th component of initial angular rotor deformation (radians)
¢ initial angular deformation of seal ring (radian)
§‘n nth component of initial angular deformation of seal ring
n initial transverse distortion of seal ring (inches)
n, nth component of dimensionless initial seal ring transverse deformation
0 coordinate
6 seal tilt angle due to restraining effect of OC springs
v frequency, (rad/sec.)
Vors Vs natural frequencies of flexible seal ring (rad/sec)
/\y bearing compressibility number, 6uVb/ph?
K viscosity (Ib-sec/in?)
£ Er
GIp
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mass density (1b-sec?/in%)

shear stress (Ib/in?)

net angle between rotor and seal ring, (radians)
wedge angle of shoe section (degrees)

angular speed (rad/sec)
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INTRODUCTION

High performance, modern multistage axial-flow compressors built with state-of-the-art
features incorporate several air leak paths which are detrimental to compressor performance.
Elimination or significant reduction of these leaks would result in a compressor of higher
efficiency and possibly smaller size. Some typical areas of leak paths with estimates of per-
cent air loss and potential effect on compressor performance are:

Effect on
Air Loss Compressor Efficiency
End Seal 0.6% 1.0%
Interstage Stator Seals 0.9% 1.0%
(ten stages)
Vane Pivot Seals 0.2% per 0.2% per
(variable stator) stage stage

Increases in compressor efficiency are traditionally sought by means of compressor geometry
redesign. A few extra points in efficiency often mean the difference between a successful or
an unsuccessful engine design. These increases as a result of geometry change are always very
expensive and not always successful. On the other hand, the losses to efficiency as a result of
air leaks are strikingly large, and real gains are within reach at a relatively low cost. The gains
in efficiency, however, must be balanced against any detrimental effect that improved seal-
ing may have on the engine, such as lower reliability or increased weight.

This program will provide for a research, analytical, and test program having as its goal the
development of compressor end seals, stator interstage seals, and vane pivot seals which ex-
hibit lower air leakage rates than those currently in use. This will be accomplished using
components of such size, materials, and designs as to be considered applicable to compressors
for engines capable of supersonic aircraft propulsion.

PAGE NO. 1
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I. TASK |

CONCEPT FEASIBILITY ANALYSIS PROGRAMS
FOR COMPRESSOR END SEALS AND STATOR
INTERSTAGE SEALS

A. INTRODUCTION

In the initial feasibility analyses, a one-side floated-shoe seal and a two-side floated shoe

seal were developed. These designs, however, were sufficiently similar in their basic design
concepts that they would leave the program without a radically different conceptual backup
if they failed to meet design requirements on test. Therefore, Contract Amendment Number
2 was authorized, providing for the feasibility analysis of an OC diaphragm thin-strip seal. In
addition to performing a feasibility analysis of that seal, the contractor has considered two
backup seal concepts: the flexure-mounted shoe seal and the semirigid one-piece seal.

The feasibility analysis conducted on all three seals (OC diaphragm, flexure-mounted shoe,
and semirigid) has been completed. Both the OC diaphragm and the semirigid seal concepts
appear to yield satisfactory predicted performance characteristics. The contractor has there-
fore requested and received approval to finalize the designs of the OC diaphragm thin-strip
seal for the end seal application (shown in Figure 1) and the semirigid one-piece seal for the
interstage location (shown in Figure 2). The flexure mounted shoe seal was removed from
further consideration at the completion of the Task 1 feasibility analysis.

Under the terms of the contract, four seals are to be provided by the contractor: two com-
pressor end seals and two stator interstage seals. NASA approval has already been granted
for detailing and hardware procurement of the one-side floated-shoe end seal and the one-
side floated-shoe interstage seal under Task II. At the present time, the one-side floated-shoe
end seal is being fabricated. The one-side floated-shoe interstage seal has been detailed, but
procurement had been held in abeyance until the conclusion of the feasibility analysis con-
ducted on the OC diaphragm and the semirigid seal concepts. Since the one-side floated-shoe
interstage seal design appears to be competitive with the OC diaphragm and semirigid seal
concepts from the standpoint of predicted performance characteristics, the contractor has
started procurement of this segmented seal.

1. DESCRIPTION OF THE TWO SEAL CONCEPTS OF CONTRACT
AMENDMENT NUMBER 2 SELECTED FOR FINAL DESIGN

The OC diaphragm end seal (Figure 1) employs a thin, flexible, one-piece, annular strip

as the primary seal element, providing a high degree of conformability to runner distor-
tion. The thin strip is supported by three C-shaped semitoroidal diaphragms mounted on
a floating secondary seal carrier. The secondary carrier provides for axial travel relative to
the main engine structure, and a piston ring seal is used between the carrier and the en-
gine structure. One of the C diaphragms forms a seal between the high-pressure and the
low-pressure areas. The other two C diaphragms face each other and form a chamber to
which the high pressure air flows before reaching the primary seal face. This design, there-
fore, permits direct balancing of the moments on the thin strip. Further, the thin-strip
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primary sealing element provides flexibility, and, therefore, tracking capability. The moment
balance is achieved with methods which are nearly independent of angular displacements of
the strip, making low residual moment imbalance easy to achieve. See page 49 for a detailed
description of the seal.

The semirigid interstage seal (Figure 2) recognizes the possibility that a semirigid one-piece
primary seal element might be provided with a combination of high gas-film stiffness and
low structural stiffness so that adequate gas film thickness is maintained during all operat-
ing conditions. The feasibility of this design rests primarily on the ability of the seal to
perform satisfactorily with a conically tilted seal face, the tilt resulting primarily from
axial thermal gradients. The design also requires that runner conical distortion be relative-
ly low and in the same direction as the seal distortion. The seals’s cross-sectional stiffness
must be high enough to render the seal insensitive to residual moment imbalance resulting
from design drawing tolerances or change in operating conditions, yet low enough to allow
the seal to conform to runner waviness. See page 74 for a detailed description of the seal.

2, COMPARISON OF THE RELATIVE MERITS AND POSSIBLE
SHORTCOMINGS OF THE TWO SEAL CONCEPTS OF
CONTRACT AMENDMENT NUMBER 2

®  The leakage rates of the OC diaphragm seal are approximately twice as high as
those of the semirigid seal.

® Approximate weights of the main seal assemblies are 18 pounds for the OC diaphragm
seal and 10 pounds for the semirigid seal.

® Dynamic seal performance characteristics are satisfactory for both end seal designs,
and interstage seal designs at cruise and take off conditions. In the interstage
location at idle operating conditions, both seals yield low minimum film thicknesses.

®  Heat generation and thus frictional power losses are nearly 50 percent lower with
the semirigid seal design than those obtained with the OC diaphragm seal.

® The semirigid seal design is simpler, and thus can be manufactured more econom-
ically than the OC diaphragm.

®  Based upon the above comparison, the semirigid seal has many inherent ad-
vantages over the OC diaphragm seal. The OC diaphragm seal may, however, find
application in cases where high seal ring flexibility is required to conform to runner
distortions and where thermal gradients across the semirigid seal render this design
impractical.

PAGE NO. 6
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B. SEAL TRACKING ANALYSIS

This portion of the report is concerned with the formulation of the tracking analysis for each
of the three seal configurations considered under Contract Amendment No. 2. Once form-
ulated and programmed, this analysis should serve as a valuable tool in establishing the seal’s
response under dynamic conditions. The analysis consists of two parts: one covering the
flexure-mounted shoe seal design, and a second part covering the OC diaphragm thin strip
seal design and the semirigid design. The second part has been programmed for the IBM-360
computer. The program has been checked out, and solutions to a typical sample problem
obtained. The program listing is presented in Appendix A.

1. TRACKING ANALYSIS OF THE FLEXURE-MOUNTED SHOE SEAL

In designing a flexure-mounted shoe seal (Figure 3), it is necessary to know how closely the
shoe will track with various modes of rotor oscillation. In this section, the motion of each
shoe is analyzed by assuming that each individual shoe and the hoop are represented by a
system of two rigid masses connected by a beam spring and that the system’s internal shear
and moment can be characterized by four spring stiffnesses.

This system of two masses and two springs is depicted in Figure 4, The mass of the shoe

is denoted by m,, and the equivalent mass (m,) or the hoop assignable to each shoe is
considered to be the total hoop mass divided by the number of shoes. Each shoe is attach-
ed to the frame by a back-up spring having a spring rate k, and is connected to the hoop by
means of a beam spring. The gas film is represented by a spring system having two direct-
and two cross-coupling stiffnesses.

The imposed motion of the rotor face is denoted by & and e, where § is the axial motion and
€ the twist motion. § is defined as positive downward, and € is positive in the direction as
shown in Figure 4. The shoe is assumed to have a plane motion which is constrained to
oscillate in the y and a directions, i.e. the axial and angular directions. The axial oscillation
is denoted by u, , defined as positive downward, and the angular motion is denoted by a,
defined as positive counterclockwise. The hoop is assumed to have an axial oscillation only,
and is represented by u, (defined as positive downward). A free-body diagram of the shoe
is also shown in Figure 4 The gas film’s forces are represented by an upward force acting
through the centroid of the shoe section having a magnitude Kss (u, = 6) + K, (a—c¢)
wise moment having a magnitude K, —8) + K, (a—e€). The forces exerted by the
beam spring are likewise represented by an upward force B, (u; —u,) + B,  a,actingat

a distance b, from the centroid, and by a clockwise moment havmg a magmtude of B, (u,
u,) + By, a. The inertia forces of the flex-shoe are an upward force, m, u, , acting through
centroid and a clockwise moment, I a. The equations of motion of the flex-shoe and the
hoop become

kyu; + B (u; —uy) + Bga+ K (u—-8) +K, (@a-e) +mu =0
Koo (u;—8) + K, (@a—€) + B, (u; —u,) + B, a + I, d + k,ub, +

[Bss (ul -uZ) + Bsa.a‘ ] b2 =0

7
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POSITiON PIN SECTION

LOAD SPRING SECTION
3
4
1
L]
7 2
|
o

. l=i=n=

SHOE FACE

RADIUS
13,370 IN.

RADIUS
13.500 IN.

Figure 3 Flexure-Mounted Shoe End Seal.

1. Shoe 2, Flexure Tab 3. Carrier 4. Coil Spring 5. Piston Rings
6. Carrier 7. Test-Rig Adapter 8. Air Passage

FRAME

peer—_ 1 | ! !
\.
\> y BEAM Yz k2u1 1 * B"(u] - “2)+ Bsaa
4 1 SPRING
HOOP 8 o)+ B a }
el / s (V1 = v2)* Pag
\ — - =
FLEX SHOE \ | - ~
H \ \ \ - _ \ ~ ~ m2
& ™

[¥ f
V ‘? |
i (J - a 02
“ L Ky (o =)+ Kppla —)

h *\4/7’ . 1
1 /i = | ROTOR FACE .

/
CENTROID

K, s(vy -0+ K la~6)

Figure 4 Geometry and Free-Body Diagram of the Flexure-Mounted Shoe Seal
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m2a2 _Bss (ul _u2)—Bsaa

Let
= iwt
u; u.e
= iwt
U U, €
a

and the motion of the rotor face be given by

= iwt
€ Eae

§ = 5 elvt

=0

PWA-3302

(1)

(2)

the equations of motion after substitution of Equations 1 and 2 can be put into the matrix

notation as

la
Al u,, = CB_a + De,
aa
where
—_ _ ula
e T T
— u2a
E
S_a = Sa/b
and,

<k2 + Bss + Kss 2) Bss BSa+ Ksa
- - w b _
m, m, m,
— % b Bﬁ — w? b Bsa
m2 m2 mz
(Ka.s + Bas + kzbl + Bsst) b (Bas t Bss b2 b
IP p

PAGE NO. 9
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Ka.a

L

The value of w for which the determinant of the matrix “A” becomes zero represents a
natural frequency of this system. By calculating the determinant of “A” for a range of w,
and plotting these values against w, the natural frequencies of the system can be determined.

Equation 3 can be inverted to obtain

up = | () S, [+ | (ue) e
uy = () 8, |+ ) (uye)e 4
a =| (ap S—a + | (a¢) €

A computer program was written to calculate the above six coefficients and determinant A

for various values of w. These coefficients can be used to determine the response according
to Equation 4.

The gas film’s stiffnesses can be calculated from the basic gas-film performance data by using
a computer subroutine “KCAL”, as described in Appendix A. The stiffnesses of the tab
spring can be derived from the formulas for the deflections of a beam fixed at two ends. Con-
sider a beam whose two ends are displaced axially from each other, as shown in Figure Sa,
Because of symmetry, the bending moment at the center vanishes and the beam can be re-
garded as being composed of two identical cantilever sections, as shown in Figure Sb.

10
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< V4 > ' T
72
" — Py
/ vY VvV /__/
Z 4
7 3 f
PN . 4*_5!__, y
. 2

(b)

Figure 5 Beam Analogy for the Tab Spring

It follows that

&)

According to the definition,

BSS =
(6)
B =

as

< |2 < |

Hence

12EI
ss Q3
__GEI

as QZ

To determine B gand By g, one may consider the tab as a beam with one end fixed and the

other end constrained to move in a horizontal plane containing the two ends as shown in
Figure 6.

Referring to Reference 1,

Lo M2
4EI
3M

P = —
2%
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_ T_K_'__\_L_%/)

z

Figure 6 Tab Load Diagram

Following the convention used in Figure 3,

B = P 6EI
sa a Qz
B = 4EI
aa Q
here 1 bt*
where I = —
12
For a numerical example, consider a flexure-mounted shoe seal with dimensions as shown in
Figure 7.
—0, 30—,
> 0'250}4_ ky=1.76 LB/IN
T T TOTAL CARRIER WEIGHT = 21 LB
A
L "
0.220 0.250
) e
>  [e———0.593———> A
0.137
13—
€ 0.73 lq—l IN. —»i ‘
1.2 > | J 4
t=0.20 N
24 SHOES

WEIGHT OF EACH SHOE - 0.486 LB
LENGTH OF SHOE - 3.53 IN.

Figure 7 Dimensions of the Flexure-Mounted Shoe Seal
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The masses of shoe and carrier are 0.00126 1b-sec?/in. and 0.00226 Ib-sec? /in., respectively.

The polar moment of inertia of the shoe about its centroid is 0.000185 in-Ib-sec?. The gas
film stiffnesses are given as:

K, = 17,600 Ib/in?
Ksa = 3,500 Ib/rad-in
Kas = 2,048 in-1b/in?
Kgaq = 1711 in-lb/rad-in

The backup spring stiffness is given by

k, = 1.76 Ib/in

and
b, = 0.137-0.30 = -0.163 in
b, = 0.137in

For the beam spring stiffnesses,

12EI 12x30x 10% x 1 x (.02)3

= = = 138.5 1b/in
§s Q3 12x1.23
6El
a = -———!5'2— = —83.0 lb/fad
6EI . .
By, = ——Q2_ = — 83.0in-lb/in
Bga = 4211 = + 66.7 in-lb/rad

The input data based on the above calculations can be listed as follows:

Analytical Symbol Computer Symbol Numerical Value Units
m, SM1 0.00126 lb-sec? /in
m, SM2 0.00226 Ib-sec? /in
Ip FIP 0.000185 in-1b-sec?
b B 1.2 in
b, Bl -0.163 in
b, B2 0.137 in
L FL 3.53 in

PAGE No. 13



PRATT & WHITNEY AIRCRAFT

~

~
Ll R NG
p [}

w
@

o B vl v v B v v o («%)
Q R @
QA «» R

Z

CKSS
CKSA
CKAS
CKAA
CK2
DELTA
EPSLON
BSS
BSA
BAS
BAA
W(NW)

17,600
3500
2048
1711
1.76
1.0
1.0
138.5
-83.0
-83.0
66.7

2000-18000

PWA-3302

1b/in?
Ib/rad-in
in-1b/in?
in-1b/rad-in
Ib/in

in

radian
Ib/in
Ib/rad
in-lb/in
in-Ib/rad
pm

The results from the computer are expressed in terms of u, 5> U2s Ve etc. These are given
below and also plotted in Figures 8 to 10.

0.6
0.4
o)
z
l
=z
2 oz |
- Uns |
2
< o
—
Q \\ AN
o
-, 006 }\
<
>
< 0.04 4 | Ug | \
N
\\
0.01 \
0 8 10 12 14 16 18 20
ROTOR SPEED ~ RPM x 10~3
Figure 8 Axial Oscillation of the Hoop
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0.01

0.006

0.004 l

0.002
0

2 4 [ 8 10 12 14 16 18 ‘ 20
ROTOR SPEED ~ RPM x 103

Figure 9 Angular Oscillation of the Shoe
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Figure 10
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ROTOR SPEED ~ RPM x 1073

Axial Oscillation of the Shoe
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If the seal shoe tracks the rotor surface exactly, and if the hoop is to be isolated from the shoe
oscillations, then the following ideal conditions must prevail:

Uy
a

u,

b)

€

0

To determine how closely the shoe tracks the rotor, it is most convenient to calculate
(u; —98),(a—e€),and u,. Perfect tracking demands that all three quantities be zero.

Now using Equations 4, one obtains:

u1—6

u2 = u26

a—e€ = aa (

(5=1) 8

8

)

+ | ug, eb,

+ lu,, ebl

+ |(ae—De

If for the wobbling mode, the rotor oscillation is given to be

6

€

1.5x 107 inch

0.5 x 1073 radian

Then Figures 8 and 9 give the following coefficients at cruise:

N

um uza

7100 1.0083 -0.125

as Uie We ae

0.003 0.000245 0.0635 1.007

Using Equations 6, one obtains at cruise

1.245 x 10°° inch

2.25 x 10™ inch

7.25 x 107 radian

For the saddle mode, the rotor oscillation is given to be

5

0.5 x 1073 inches

0.3 x 1073 rad.
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Figures 8 to 10 give the following coefficients at the cruise conditions:
2N U1 Uz as Uie Ure Ge

14,200 1.0568 -0.03 -0.0742 -0.0127 0.0157 1.08

Using Equations 6, one obtains at cruise
u, -8 = 3.29x IO'Sinch
u, = 2.05x 10°% inch
a—€ = 5.48_ x 107 radian

Superimposing the saddle and wobbling motion, the minium gas-film thickness at cruise be-

comes
_ b
hmin - ho —(ul _B)chble _(ul _a)sad'dle_ [(a_e)wobble + (a‘_e)saddle] X 5
h . = 0.001 —1.245x 107 x 3.29 x 107 — (7.25x 10" +

5.48x107%)x 0.6 = 0.0009185 inch
The corresponding motion of the hoop at cruise becomes
(Uy) ise = 2:25 X 107* +2.05 x 1075 = 0.000245 inch

These figures indicate that at cruise, tracking will be satisfactory if the flexure-mounted shoe
seal is used in the end-seal position.

2. FLEXIBLE SEAL RING VIBRATION
The vibration of a flexible seal ring supported by a gas film will be analyzed in this section.
Two design concepts are under consideration, a thin-strip seal ring with OC diaphragm, and a

semirigid one-piece seal ring; they are respectively shown in Figures 11 and 12.

a. OC DIAPHRAGM SEAL

It is seen from Figure 11 that the seal ring is separated from the rotor by a gas film, and is
connected to the carrier by the OC diaphragm. Having a much higher rigidity than the seal
ring, the carrier can vibrate only in a rigid-body fashion. On the other hand, the seal ring can
vibrate both as an elastic ring and as a rigid body.
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FRAME

SOOI S YN NN N NN
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OC DIAPHRAGM 5 7///,4/‘:‘“‘"'ER
- o
N ‘\, [————SEAL RING
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POSITIVE DIRECTION
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Figure 11  OC Diaphragm Thin-Strip Seal Concept
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Figure 12 Semirigid One-Piece Seal Concept

Consider the situation that the rotor surface facing the seal ring may be distorted so that it is
not perfectly flat. This can be classified into two categories: transverse (axial) distortion

6 =2 29, cos nf) and angular distortion (¢ = Z € cosnf). Since the rotor is rotating at
an angular speed of w 1» the deviation of the rotor surface from its perfectly flat position at

any particular instant of time can be represented by

) b}r}&ncosn(ﬂ + wt) @)

1]

Fe€, cosn(f + wt) (8)

m
]
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Similarly, assume that the seal ring has initial transverse and angular deformation.

n

§

b ¥ n, cosnf (9)

fl

Z¢, cosnb (10)
respectively. The sign convention for all angular deformations is given in Figure 11.

(1) Elastic Ring Vibrations

Let y be the instantaneous local deflection of the seal ring. Now, for the purpose of illustra-
tion, let us set, for the time being, e = ¢ = 0. Then the film thickness is given by

h="h —-y+$§
where hm is the nominal mean film thickness.

Note that y is the deflection from the perfectly flat position. Both y and § are defined as
positive in the downward direction, as shown in Figure13.

6=0 SEAL RING INSTANTANEOUS 6 = 2nm
DEFLECTION CURVE

SEAL RING
INITIAL DISTORTION

o ROTOR CONTOUR

Figure 13 Rotor Contour, Seal-Ring Instantaneous Deflection, and Seal-Ring Initial
Distortion

The free-body diagram of a differential element of the seal ring is shown in Figure 14. The
forces and moments acting on this element are shear forces (V), the gas-film restoring force
(q), the bending moment (M, ), the twisting moment (M, ), and the gas film’s restoring moment

(qa). A double arrowhead denotes vector representation (right-hand system) of angular quan-
tities. The equations of motion can be written as follows:

PAGE No. 20




PRATT & WHITNEY AIRCRAFT
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4

My, ¥
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e

//\ Vi dd M'+ﬂ' o

Figure 14  Free-Body Diagram of a Seal-Ring Segment

Transverse motion (linear translation):
A" v
— % d0 —qRdf = (pARd) y

Radial equilibrium of all moments:

aMbde Mdo—VRa =1 2L
Y t T mag R

Tangential equilibrium of all moments:

aMt .
M,do + —= df —q,Rd6 = I, d

where
p = density of the seal ring
A = cross-sectional area (ab) of the seal ring

M = mass of the differential element = pARdO

paGe No. 21
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M(R?df? + a?) _ Ma?

e = 12 12 (14
M(a? + b?)
= =13
12
q = restoring force per unit circumferential length

qq = restoring moment for unit circumferential length

Before we express q and qgin terms of displacement, let us define a set of spring constants for
the gas film. K, Km Kas and K44 ,and a set of spring constants for the OC diaphragm,
K. *K,* K, *andKgq* Here, K is the y-direction restoring force per unit circum-
ferential length due to unit displacement in the y- direction, K is the y-direction restoring
force per unit circumferential length due to a unit angular displacement in the a-direction,
and so on. The units are as follows:

K and K * (1b/in/in)

K, andK , * (1b/rad/in)

sa

Koo and Kas* (in.I1b/in/in)
Koo and K, * (in.1b/rad/in)

When the seal ring is displaced from its perfectly flat position by an amount y, the resulting
restoring forces from the gas film and the OC diaphragm are respectively K_y and Kss*y.

In the meantime, let us assume that the rotor deviates from its perfectly flat position by an
amount 8 (in the same direction as y). This will decrease the gas film restoring force K vy
by K 8. A similar argument can be applied to the angular displacement. Thulg, we can write

q = Kss(y—B) + K *y + Ksa(a—e) + Kaa* a

(15)
qa. B Kas(y—ﬁ) + Kas*y + Kaa (a—€) + Kaa *a

At this stage of the analysis, it appears proper to obtain relationships between M, , M,, and
the displacements y and a. Again, take a differential element of the seal ring with length
Rd@. Because of angular (twisting) displacement a, the upper portion is compressed, while
the lower portion is stretched (see Figure 15). At an arbitrary location z, the stretched
length of the element is (R + z a)df. Hence, deformation = zadf

_ . _zadd _ za
€q = Sstrainduetoa = Rdo = _1—1_
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Figure 15 Bending of a Seal Segment Because of Angular Displacement «

We also know that strain due to transverse bending is

= strain due to transverse bending

o) N

®

d2y -1
where 5 = radius of curvature = ( )

R2d6?
Thus,
e = totalstrain = eg + e,
- (9_ _ L d_v)
R R? d6°

The bending moment is readily obtained

12 2 2
B _ 1 déy a 2
M, = — Eezbdz = E E; d—02_ - E z*bdz (16)
22 2
1 42 a
R? d6 R
where E = Young’s Modulus
3/2
I = area of moment of inertia = J z%bdz
.a/2
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As for the twisting moment, we have the well-known formula:

Jda
= Gl —
M, P Ro6

for a bar under torsion.

In the case of a circular ring, there is an additional term in the twisting moment. Consider

a segment under torsion. The segment has linear displacement y and angular displacement a.
It is convenient to use cylindrical coordinates r, 8, and z as shown in Figure 16. The shear
stresses contributing towards the twisting moment are 7 or = 2Ge fr

(17)
To z = 2Ge 8 z
Also, the strain displacement relationships are (Reference 2, page 183).
1 [ 9y, dug u,
eg. = N\ —=+— ——
6r 2 \re0 or r
(18)
1 [Ou, ou P
eg, = ~\—=+—
6z 2 \rd0 oz
where u_, uy and u, are the displacements in the respective direction. From Figure 16, it is
clear that:
u = az
- %y
ug = YY) zZ
u = y-—af

Thus, from Equation 18,

o = Lfda 19y
fr 2\rd6 r Ro8

. _1_<i¥___?_a__?y_
6= ~ 3 \ra8 ' 16  Ra6

Substituting into Equations 17, we have
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Figure 16  Seal-Ring Segment
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oa 1 dy
=Gl— + — —
Tor ( 130 r RO ) 2

; G ay _oa oy
E— —— — r — — e—
0z rof rof Ro6

The twisting moment can be obtained by integrating the moments resulting from the shear

stresses.
Mt = —f'rezr‘ dA +/7oerA
A A

3 2 2
—cfi—r—(—“—)—y— —dA +
) |ro6 r36) RO
oa 1 dy
G [(— + = = )z2aA
,[(rb@ r r80>z

r = R+r1

Observe that from geometry,

For the seal ring application, R is much greater than . Therefore, we can make the approx-
imation that

I SR W I_(I_r:)
r R+r1 ¥ R R

Thus, the twisting moment is readily obtained,

i £y dy ! ( Foyda dy | _
M= -6 Jlz(1-sY 2 -Fr-(1-Z )5 -L| raa
‘ ,A/[R( R) 20 R R )ao Rae] '
+Gf1— I L T R S N A
JIR\' R) "R R | Ra6

Using the condition that

/rdA=/r3dA=o
A A
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we obtain

ay f da f 2
M, = G F2dA + G FdA
‘ RPa0 S T AT O Rap ] T
da ay
+G— [ 22da+ G deA
R30 f7d R236 J,

A
dy da f (19)
Gl + r? + z')dA
(R286 Rae)A (F%+ 2%

oy oa
GI + —
P\ R2360 Ro#8
[ = the polar moment of inertia

=/(F2 + z%)dA

A

where

The same expression for M, is given in (Reference 3, page 451). It is important to note that
when a rectangular cross section (thin-strip seal ring) or a hollow cross section (semirigid one-
piece ring) is under consideration. I should be replaced by its equivalent polar moment of
Inertia calculated from the membrane analogy for a bar under torsion (see Reference 4).
Thus. for a thin strip seal ring (Reference 4, page 15)

To summarize, the bending moment and the twisting moment are given by Equations 16 and
19 respectively. If the initial transverse and angular deformations of the ring, n and ¢, are
taken into account, then the bending and twisting moments are

_ I d*(y-nm a—¢ R
M, = El [R2 Y o ] (20)
a(y—m) | da—f)
= + 21
Moo= ol [Rzae ROO ] D

We now proceed to simplify the equations of motion (11, 12, and 13), and express them in
terms of y and a and their derivatives. Differentiating Equation 12 with respect to 0,
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82Mb oM, v pAa2 %y
00> a0 80 12002
o . R
Multiplying both sides of Equation 11 by @,
—R av — 2 = PRY
29 qR* = pAR®y

Subtracting Equation 23 from Equation 22,

2

aMb...E_)_l\_ll_t.f. R2—Bﬁ‘£_2_§_2_¥_AR2~

302 a0 T T2 aer PNV
Since

%y .

002
Therefore

pAa? 3%y

12 062 a2

— ~ — <
pAR?Y R?

where ~ denotes “of the order of”™.

PWA-3302

(23)

(24)

a .
For seal ring applications, a is much smaller than R, so that E < 1. Thus. Equation 24 re-

duces to

M, oM,
— —— + qR? + pAR?’y = 0
392 a9 4 pARTY

Substituting Equations 14, 20, and 21 into the above cquation, we have
Fy—)  *(a={) 32(y—m) . 9%*(a—f)
El - - Gl +
R?096% R96? p R236? R036?

+ R? [(K“* KOy + (Kt K\a*)a] + pAR?Y

= R*(K_ 6 + Kg€)

and substituting Equations 15, 20, and 21 into Equation 7, we have
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Equations 25 and 26 become

d%a 9%u 9%u 1 d%u

362 - Fl a—FQ 02 + l-‘10 902 - qu - fl—z ot2
s az 4 2

-—re-ro+ S _p L, 20

4 b 302 9 064 10 902

3%a 1 9%a o%u

302 - P5 a_gi atz Fll 802 I-‘6 u
9%¢ 927

TRy Y T E Y Tuge

Differential operators D, through D, are defined as follows:

Dl=—a?2—1"1
_ 94 22 19
Dy =~ Poggs "To 52 1o 717 5
92 1 9
D, =% ~Ts i3 o8
a2
D4=F11w Lg

Then we can write Equations 29 and 30 in the form,

) 32¢ 9%n 9n
Dia + Dyu = —Tye=Ty{+ 2n =Ty o + Tyg o
and
9%¢ 929
D;a + Dyu = —F7G—Fsg+'i)0—2—’g’§+rllgf)7

Apply D, on Equation 31 and D, on Equation 32 and subtract:

pace No. 30

PWA-3302

(29)

(30)

3D

(32)



PRATT & WHITNEY AIRCRAFT

El [3’4y—) SL | 22— | 92
R [ Rapz @ O] TR [ ROO? | 26?

—R [(Kaa+ K, 9 a+ Ky +K, My —K e~ Ky a]

1
=15 PAR (a2 +b?) &

Defining the following dimensionless quantities:

y
u = =

b
£ = EL

Gl

K,y * K g*R? K, R?
r = ———— r, = ——
1 El + GI 7 Gl

(K, + K *) bR? K, bR?
L= TE+al Us = 751

P P

T po_b &
> EI+GI, > RI1+¢

K bR3 b 1
Iy= - To= % T3¢

EI+GI R 1+¢

(K. +K, *)R? b
aa aa
I = £+ o I’11=E(1+‘<’)
P

(Kg, t Kg*) DR?

r,=
GI

p

and two typical frequencies

El+GI_ |12
£ o= | —
1 pAbR?3

| 1261, 12
f. =
2 pARz (32 + b2)
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(D,D, —D,D;)a

5 0%t 2 2
= D, [“’36—% e (e S ) n]
s 32 a2 33)
—D2 ["'F7€_F8g + (W- ) ¢ + F” —602 ]

Similarly, apply D, on Equation 31 and D, on Equation 32 and subtract,
(D;D, —D,D;)u

) a2 9%
=D1[—I‘7e—l‘8—b—+(5-07— )§+F“¥2‘]

5§ 9%¢ 34 32 (34)
—D, —F36—F4§+30—2+ (—I‘gaoﬁ"'l“m'ée_z‘ n

Thus, we have obtained Equation 33 for a and Equation 34 for u. The right-hand sides of
Equations 31 and 32 are the respective forcing functions for a-motion and u-motion. Note
that in the left-hand sides of Equations 33 and 34 the differential operators are identical.
This is because they are the results of solving coupled linear systems.

(2) Natural frequencies of flexible seal ring vibrations

To find the natural frequencies, we solve the homogeneous system

(D,D, —D,D,)a = 0 (35)

or
(D,D, —D,D;)u = 0
Either equation will, of course, yield the same natural frequencies.

Expanding the differential operator in Equation 35 we obtain

[,2,% att £2\ 202 5) 12 9904 10392 2/ ]at?

a6 a4 32

—(, T4 —T, 1*5)] a =0 (36)
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4

f2 3g%at?’
1 .

separation of variables cannot be applied in general. However, since we are dealing with a

ring geometry, the displacements must be_ continuous and periodic in 8. This strongly suggests

that the 6 dependence is of the form of ei"® | Thus, assume that

Because of the cross-differentiation terms in Equation 36, e.g. the method of

a = e T, n= 1,2,3... (37
Substituting Equation 37 into Equation 36 yields

a1
dt*

d’T
+ [ f,2 ( n? +T5) + £, (Tg n* + Ty n? +P2)] a2
— 1, [_F9 n®+ (), =Ty =T Ty)n® —(F, =T + Ty =, T G8)
+(I',[{ —I,Ty) ] T=0
For natural frequency calculations assume
T = Cel¥t
where C is an arbitrary constant, and », a frequency.

Then Equation 38 becomes

vt — P v? +f 2P, = 0 (39)
where
Py = f2(n? +T) + f;? (Tgn® +T,on* +T)
P, = Iyn® —(T, —I), —ITy)n* (40)
+ (0, =T+l — Ty n® =@ T —F,T)
Equation 39 is the characteristic equation. The numbern = 1,2, 3, ... represents different

modes of vibration. For a given n, Equation 39 has two positive roots. Let them be denoted
by v, andp ,. They are given by

q1/2

1 1 ) e 2 1/2
v = | 3 Pt (R 4L, P,) (41
—1 1 2 2¢ 2 1/2- e
vap = | 3 P (P AR (42)

where v and v_, are the two natural frequencies at mode n.

1
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(3) Dynamic Response

As indicated before, the right-hand sides of Equations 33 and 34 are the forcing functions.
They consist of influences from the angular and transverse displacements of the rotor surface,
€ and §, and the angular and the transverse displacement of the seal ring, { and . Let us re-
write Equations 7 through 10.

& = bgd cosn(+wt) (7a)
€ = Ze cosn(f+owt) (8a)
n = bZn cosnf (9a)
¢ = £¢ cosn@ (10a)

Thus, it is clear that § and € give rise to dynamic forces, and n and ¢, to static (time-independent)
forces.

Based on the above, we can assume that the dynamic response, a, and u, can be expressed in
the form,

=]
1

a cosn(f +wt)+B cosnd (43)

[«
I

& [uncosn(t9+(.ot)+vn cosn()] (44)

Here, a andu_are the response to 6 and €. Let the seal ring have initial deformation, n and
¢. Then, through the action of the gas film, the seal ring will reach a static equilibrium position
which is indicated by B, andv,.

Substituting Equations 7a, 8a, 9a, 10a, 39, and 40 into Equation 33, we obtain

1 —1 1
{'— nfw? + [ Ez— (n* + T) — gz- (Cgn* + T, n? +F2)] (—n?w?)

—Tyn® +(Ty; =Ty =TTy n* — (T, —Tg + [Ty =TTy )n* +1T

176

—FZI‘S } a cos n(@ + wt) + {—F9n° +(l"11 —FIO —1"51"9)n“ —(I‘2 —F6
*ICg =TIy n? +T, T =T, Ty } B, cosnf — {(F3Q1 +I,Q,) €,
+(,Q, +I'gQ,) 8, } cosn (6 + wt) — {[n’Ql +(n? +§) Q,y] §, + [(Tyn*

+I‘10n2)Q1+n2F11Q20]nn}cosn0 =0
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where

Q, = I n*+Ty

Q, =--I‘9n“—l‘10n2 —TI,+
Q,p = Tgn®* —Tyyn* —T,

Since cos nf and cos n(f + wt) are two independent functions, their coefficients must be
equal to zero separately.

Aya, = (T30, +1;,Q)e, +(I,Q, +T3Q,) 5, (45)

—PB, = [n?Q, +(n? +§)Q,y1 ¢, + [(119“4 +Tn?) Q, +n’T) ) Qpln,  (46)

where
4, .4 2,2
4, = _:12(})22 + :120:22 P, —P, (47
P, and P, are defined in Equation 40.
Similarly, from Equation 34 we obtain
Ay, = (T;Q; +T3Qu) €, +(TyQ; +T,Q) 3, (48)
—P,y. = [(n?+1)Q, +n2Q,q) §, + [n? T} Q; +(Tyn® +T;(n?) Qoln,  (49)
where
Q; = n*+T,
Q = —n* T+ I;Z:dz
2
Q= —n* —Ty
We can rewrite Equaﬂons 45, 46, 48, and 49 in the form of influence coefficients,
a, = Cae, +C, 8,
Bn = Cpi8n +Cyym,
(50)
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=
It

Culen + Cu26n

<
|

n Cvlg-n + Cv2nn

Ca15C, s ete. are the influence coefficients. They are defined as follows:

—

c - rQ +IhQ,
L=
A An
) _ T,Q + I4Q,
Caz = A
n
n’Q, + (n*+§0Q
c = 1 20
B1 _
P,
C - (F9n4 + FIOI’IZ)QI + n2 1-‘11Q20
B2 _P2
- 51
. - [;Q; +15Q,
= T
u An
C 2 = F8Q3 +F4Q4
u R A
An
_ (n? +§) Q3 +n? Q40
Cvl —P2
c. - n’I';Q; + (Tgn® +T,,n?) Q,y
v2 7 _P2

It is to be noted that different modes of vibratory response can be calculated separately. For
example, forn = 1, we can calculate a, Bl etc, forn = 2 we can calculate a, 62, etc.
Then the total response willbe a = a, *a, .., = B, +8, ... etc.

These computations have been included in the computer program discussed in Appendix A.

(4) Rigid-Body Vibrations

In the last section, the vibration of a flexible seal ring was considered. There, the carrier was
unable to vibrate as an elastic body, and was assumed to be fixed in space.
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Now let us consider the rigid-body vibration of the carrier and the seal ring. It can be visualized
that the carrier-ring system can have two linear degrees of freedom x, and x,, and two angular
degrees of freedom v, and Yse Because of axial symmetry, the other two angular degrees of
freedom with axes of rotation perpendicular to those of 7, and v, need not be considered, as
they would yield identical results.

(5) Rectilinear Vibrations

The lumped-parameter model of the carrier-ring system is shown in Figure 17,

) X9 *3
- I—->
CARRIER K2 RING K3
FRAME My —VVVVVNVT/ ROTOR
CARRIER 0C SPRINGS 2 GAS FILM

SPRING

Figure 17 Lumped-Parameter Model of the Carrier-Ring System

The displacements of the carrier and the ring are represented by x, and x,, while the motion
of the rotor is prescribed by x;. This system was considered in Reference 5, and an explicit
solution was obtained in page V-5, Reference 1. Results are summarized as follows:

The natural frequency is given by the roots of the characteristic equation,

V4—A1V2 + A2 = 0 (52)
where
Kl + Kz Kz + K3
A = +
my m,
(53)
KlK2 + K2K3 + K3K1
A, =
m, m,
Thus

W Ea £
(54)

q1/2
[ Var—a, 1Y
v, =
2

‘/ 1/2
A+ Al2 —4A,
A] —
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The motions of the carrier and the ring, X, and x,, expressed relative to the rotor imposed
motion, X4, are obtained as:

1o K, K,
X, , K,? (55)
—m w’ +K, +K, —myw’+K, +K, —
—m, w? tK, +K,
X2 K,
= = 6
X, K,? (56)

—myw? + K, +K; - 2
m, w" +K, +K,

where w is the frequency of the imposed motion Xy

Equations 55 and 56 represent the response of the undamped vibration. They would become
very large as w approaches v, orv,.

Although the natural frequencies v, and », can be easily calculated from Equation 54, let us
obtain a simplified expression from which we will be able to predict how to increase (or de-
crease) the natural frequency by varying certain parameters.

In seal ring application, it is known that the gas film is much stiffer than the OC diaphragm,
which is much stiffer than the carrier spring. Thus, :

K, >K, >K, (57)

Also, we have
m, > m, (58)

Therefore, from Equation 53

A, = K3
L=
m,
(59)
K, K,
A2 =
m, m,

Observe that

— K, \? K, K, 712
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K, [~ K m 1/2
3 2 2
= — 1—4 - P
K. T K m
e N PR A W A
L K, m,

We have used the binomial expansion and the condition that

K, m
2 1y
— — <1
K; m,

Using Equations 59 and 60, the natural frequencies given by Equation 54 are reduced to

f‘Ka’ 1/2
VI = -rn_z-

K, (61)
V2 =. -

| ™

Thus, we see that under the conditions of Equations 57 and 58, the system is decoupled into
two subsystems, namely, the seal ring supported by the gas film, and the carrier supported by
the OC diaphragm. In the numerical example, it will be shown that since the gas film is very
stiff, v, is much higher than the rotating speed of the rotor. The lower mode v, , however, is
quite close to the idling speed (based on an estimated m, = 30 poundsandK, = 17100 b/
in). Efforts should be made according to Equation 61 to vary either m, or K, (or both) so
that v, is sufficiently different from the speed range of the rotor. For actual calculation of
the natural frequencies, the exact expressions of Equation 54 should be used.

(6) Angular Vibration

The two angular degrees of freedom are described by v, and v, as shown in Figure 18. The

axes of 7, and v, are perpendicular to the paper. Suppose that the rotor has a face runout
with half amplitude C,;. Then

Y3 = C3cos wt

where w = rotational speed of rotor

The equations of motion are

11'71 +K7171 + K-n ('71 ’—72) =0 (62)

Ly, Ky, (0, 1) tKys 12 = Kypg (63)
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Figure 18  Schematic for Mathematical Model of Angular Vibration

1
where l1 = 5 m, R? = moment of inertia of the carrier
(64)

1
and I, = 5 m R? = moment of inertia of the seal ring

To obtain the spring constant K.y3 , consider the restoring moment of the gas film due to a
rigid body rotation 7.
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27
Moment from K = J‘ (y Rsin8") (K Rd6") R sinf’
0

2
= R’ K7 f sin? 'd9"
o
= 7R*K ¥
2r
Moment from Kaa =j (7ysinf’) (KaaR dé’) sinb’
o

2

RK_ v J sin?0'do’

o

]

m R Kaa7
There is no contribution from Ksa and Kas. Thus,

Restoring Moment = (7R* K + 7RK_ )7

The spring constant is by definition:

_ Restoring Moment

K.y3 " = 7R3 K, + 1rRKaa
Similarly,

Ky, = 7R’ K * + 7R Koo'
But, because RZK_ > Kgq

and R? K, *> Kaa*
we obtain

K'Y3 = mR’ Kss
(65)
Ky, = 7R3 K *
Equations 62 and 63 can be solved by assuming that
v, = Cl cos wt

v, = C, cos wt
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Using the same procedure in solving the rectilinear vibration, it is found that the natural

frequency will satisfy

¥ =B + B, =0
K., + K K + K
1 2 2 3
where B] =X Y + Y Y
I, I2
B _ K'Yl K'yZ + K72K73 + K‘y3 K‘)’l
2 [1[2

(66)

and the dynamic responses of the carrier and seal ring with respect to unit rotor input can be

respectively expressed by

C K. K
1 v2Ry3
L — (67)
Pol-ner ek, tk, ) - Le?rk, tK, - 2
1 Y1 v2 2 Y2 Y3 Ile +K‘)’1 +K72

C K

2 Y3

= = 3 (68)
C3 Y2

—_ 2 —
" + Ky, + Ky,

From Equation 64 and 65 we can write

—Ilw2 +K‘Yl + K

R’ (Kss +KSS*) +

72

mR3 (Kss* + Kss)

B

1
—m

2 1R

27R (K +K_*)
= +

1
5 m2R2

2R (K * +K)

my
It is easily identified that
27R K = K|
27R K * = K,
2rRK = K,
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Hence,
K, +K, K, *K;
B, = + = A
m, m,
Similarly,
K, K, +K,K; +K;K,
B, = = A, )
m)m,

Thus, Equations 52 and 66 are identical. The natural frequencies of the angular vibration
are the same as those of the rectilinear vibration. Utilizing the identities

K'yZ WR3 Kss*
1 _
— 1, w? + K, Ky, Y m, R?w? +7R3K + R K*

27R KSS*

—m, w? +27R ESS +27R K *

Kz
= 5 N , etc.
m, w* +K, +K,

We can easily see that the dynamic response C, /C, and C2/C3 as given by Equations 67 and
68 reduce to Equations 55 and 56 respectively.

Thus, the rigid-body vibrations of the carrier-ring system can be predicted by considering
either the rectilinear vibration or the angular vibration, because they are completely analogous
to each other. The flexible seal tracking analysis computer program discussed in Appendix A
includes calculations of the natural frequencies and the dynamic response.

b. SEMIRIGID SEAL RING

The analysis and computer program for vibration of the thin-strip seal ring in the OC diaphragm
seal are quite general. They can be easily applied to the semirigid seal ring’s vibration if the

following quantities are properly identified: K_*, Ksa*, Kas*, Kaa™ L Ip, Aandl,.

The seal ring is again supported by a gas film on one side, but on the other side there is no
OC diaphragm. A mechanical spring is used instead to hold the ring down. Let the spring
constant of this spring be K, then

K,
K * = —
s 27R

K * =K, *=Kg* =0

sa as
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Consider the case that the cross section of the ring is a rectangular hollow section with uni-

form thickness. Then, the moment of inertia and the equivalent polar moment of inertia
are

1
=5 (bja’ —bya’y

[ = 4A%t
P L
where
a,;, b, = outer dimension of rectangular ring
a,,b, = inner dimension of rectangular ring
t = thickness (uniform)
2 = linear length = 2a, +2b, —4t
A = area = (a; —t)(b; —t)
See Reference 4, page 27.
Let
Al = albl
A, = a,b,
M. =

1 PA, Rdf = mass of an element with area A, and thickness Rdf

M, = pA,Rdo

mass of an element with area A2 and thickness Rd6

Then, from Equation 14,

L= Ml(al2 + b12) M2(322 + b22)
it 12 12

272
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c. GAS FILM CROSS-COUPLING STIFFNESS EVALUATION

(1) Derivation of Angular and Cross-Coupling Stiffness for Single Pad Configuration

In studying the tracking capability of the seal ring with respect to the rotor face distortions,
it is convenient to approximate the behavior of the air film by two direct stiffnesses, K,

K 4o 2nd two cross-coupling stiffnesses, K , Ka ¢ Referringtoa typical single pad seal as
shown in Figure 19, these stiffnesses may be mathematically defined as follows:

)
%= T

=K b (1b/in)/in

CENTROID

Figure 19  Typical Single-Pad Seal
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where W is the upward restoring force per unit circumferential length, h_ the mean film thick-
ness, K the axial stiffness per unit sealing area, and b the seal width. K , can be found in the
tabulated performance data.

_M
Kaa—a

AW (x, —x¥)]
oa

oW ox
= (%, —x*) =+ W Bﬁ- in-b/in/rad

M is the counterclockwise restoring moment about the centroid of the cross section per unit
circumferential length, a the clockwise tilting angle, X, the coordinate of the center of pres-
sure, and x* the centroid coordinate.

Similarly
ow .
KSu = E Ib/in/rad
" oM oW ( o+ w X,
= — _—— = — —_— —X —_—
as ah oh e oh
ox

= K, b(x, = x*) — W — (in-lbfin)/in
W = K (—Ah) + K  Aa
M = Ky (—Ah) + K Aa
In calculating the derivatives, one may make the following approximations.

BLN _ Wi a=A¢_w|a=—Aa
Ja 2Aa

X —X
axc C‘G.:Aa C'a=_Aa

oa 2Aa

XC - [+
axc R h=h_ + Ah h=h_ - Ah
oh 2Ah

The equations derived above are for direct use in the tracking analyses of the single-pad semi-
rigid seal configuration.
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(2) Derivation of Angular and Cross-Coupling Stiffness for Double Pad Configurations

For the double pad, the expression of the film stiffnesses is more complex than for the single
pad.

Referring to Figure 20,

_ oW
Ko™ "o
( 8W1> aw2
= |- — + - —
oh oh
= (Ks's)1 bl + (Ks's)'2 b2 (Ib/in)/in
and
K - a_\v — vk + W ?X_.
aa” 5g e XV da
W2 (b—xz) + Wlxl oW E)W1 8W2
Where X = and —_— = — —
¢ W, + W2 oa oda oa

UPPER PAD

Xc2

Figure 20  Gas-Film Forces on a Double Pad
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Similarly, the cross-coupling coefficients are defined by

)
Ksa - 5&
oX
—oM oW . c
= — = — —_— e + W —
X Kes = 31 [ah (X =x%) ah ]
8xc
: = LRI b+ R, B,] (=39 —W —=

where

oW Wit —w, - W)t —W,”

— —— + e

oa 2Aa 2Aa

%, [W2+ (b—x,") +W,* X1+] _ [Wz_ (b—x,-) + Wy-x;- ]
w,* +W,"

oa 24a
X, 1 W, (b, =x,) + W, x;
dh  2Ah W, + W,
h=h_ + Ah

1 W, (b =x,) + W, x
~ 2ah W, +W,

wl— +W2‘

h=h_+ Ah
and

W2+ =W, [a=Aa
Aa
h2=h—7(b3+b2)
W2‘=W2 a = Aa

Aa
h2=h+—5" (b3+b2)

Aa
h, =h—7 (b; + b))
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X,” =X, a = Aa

_ Aa
h, —h—T (b, +b,)

X,” = X, a = Aa
_ Aa
hz—h+ -2—(b3 +b2)
x,* =x, | a=Aa
Aa
h1=h+—2— (b, +b,)
X\ 7 =x | a= Aa

_ Aa
h1 —h-? (b3 +b1)

Since the calculation of these stiffnesses for the double pad from the basic performance data
is quite involved, hand computation is not feasible and a computer subroutine has been pre-
pared. This subroutine is used in conjunction with the tracking computer program and re-
quires the basic primary seal data described in Appendix A.
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region at the concave side of the upper diaphragm spring. The air passes through the seal gap
to the vent recess and proceeds through the gap between the springs to holes drilled in the
carrier. The holes vent directly to the low-pressure area.

The lower seal pad is fed through radial holes in the carrier and the O-diaphragm air pocket
formed by the lower diaphragm spring. Air enters the individual pads through 154 feed holes
1/16 of an inch in diameter, and is distributed over the Rayleigh recess by means of a 1/16
wide and 0.030 inch deep groove located at the leading edge of the recess.

Secondary sealing between the carrier and the stationary support structure is accomplished
through the use of a piston ring. The design details of the piston ring are the same as those
of the one-sided floated-shoe seal discussed in Reference 6, page 23. The piston ring’s outer
surface includes a step bearing configuration which helps to establish an air film between
piston ring and seal support.

2. SEAL CONSTRUCTION

The OC diaphragm end seal consists of a seal ring supported on O- and C-diaphragm springs.
The springs are welded on one side to the seal ring and on the other to the carrier.

The carrier in turn is preloaded by virtue of 24 helical coil preload springs which rest on
riveted spring guides on the carrier and seal support. The carrier is centered and held in
place by four antirotation pins similar to the ones employed in the one-sided floated-shoe
design (Reference 6, page 7). The seal support separates the high-pressure from the low-
pressure chamber and provides the secondary sealing surface for the piston ring to ride on.

The O-and C-diaphragm springs are of toroidal and semitoroidal cross section. These springs
are to be fabricated or formed from 0.006-inch stock and welded into separate subassemblies
with the use of spring supports for the O- and C-spring sections, respectively. The subassem-
blies are then electron-beam welded onto the seal ring and carrier. To avoid prestressing and
distortion of the spring diaphragms, and to contain the diaphragm subassemblies prior to
final welding onto the seal ring and carrier, the spring assemblies are rabbeted onto the seal
ring with light clearance fits.

The seal face is hard coated with aluminum oxide (Linde LC-1C) or Chrome Carbide (Linde
LW-5), whichever is more suitable for the etching and/or machining of the spiral groove and
Rayleigh recess profiles. The major seal parts are made of Inconel X750.

3. OC DIAPHRAGM STATIC SEAL PERFORMANCE AT CRUISE,
IDLE, AND TAKE-OFF

a. STATIC PERFORMANCE CURVES

The static seal performance curves for the double-pad OC diaphragm end seal are shown in
Figures 21 through 23. The arbitrarily arrived at limits based upon the cruise static perfor-
mance curves appear to apply also to the take-off and idle conditions: in order not to fall

below 70 percent of the design film thickness, the tilt angle should be restricted to 0.0007

radians for positive and 0.0004 radians for negative tilt.
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C. OC DIAPHRAGM THIN-STRIP SEAL

The final configuration of the OC diaphragm end seal is shown in Figure 1. Both the end

and interstage configurations of the OC diaphragm seal are similar in design and materials.
Because the OC diaphragm interstage seal will not be investigated under Task II, the discussion
below is directed primarily toward the end seal configuration. With minor exceptions, how-
ever, it also applies to the interstage seal.

1. PRINCIPLE OF OPERATION

The OC diaphragm end seal shown in Figure 1 is a flexibly supported, flexible ring seal
operating on the principle of the controlled seal gap. The gap control is achieved through the
incorporation of gas bearing profiles in the seal face which are designed to yield gaps or air
films between the stationary seal rings and runner.

The end and interstage seals have been designed for operation at steady-state cruise, idle, and
take-off conditions as simulated on a Pratt & Whitney Aircraft test rig. Air-film thickness is
a function of speed, air temperature, and air pressure. Thus, at standstill, the seal is in direct
contact with the runner and the film thickness is zero. The film thickness develops as the
engine reaches the design operating conditions. In order to secure safe starts and stops, the
seal ring and runner faces are hardcoated. The hard coats are selected on the basis of their
compatibility of operation up to 1400 degrees Fahrenheit, mutual material compatibility,
and resistance to wear.

As shown in Figure 1, the seal ring surface is divided into two bearing lands, the two lands
being separated by a recessed vent groove, The outer land, henceforth referred to as the
upper pad, serves the function of a bearing-seal combination. This pad is designed to main-
tain a small air film to separate the high from the low air-pressure areas, providing at the
same time sufficient stiffness for proper seal operation at dynamic conditions. The upper
pad consists of a hybrid combination of a spiral groove pattern and inherently compen-
sated orifices. The spiral groove pattern provides hydrodynamic lift-off capability at con-
ditions when the compressor discharge pressure is low, as at idle, start-up, and shutdown. °
The inherently compensated orifices enhance the rquired stiffness characteristics during
operation.

The inner land, (or the lower pad) serves as a bearing. This pad includes Rayleigh shrouded-
step recesses, the function of which is to strengthen the film-generating performance char-
acteristics of the seal. It provides, in combination with the upper pad, the high angular
stiffness which is a prerequisite to proper operation of a flexible seal ring and early liftoff
capabilities.

The high-pressure areas, as shown in Figure 1, are located on the outside of the seal’s outer
surface and within the O-diaphragm spring. The low-pressure areas are on the seal’s inner

surface and on the inner surface and right side of the carrier.

During operation, the upper pad is fed with high-pressure air through the air gap at its outer
edge and through the line of 360 orifices connecting the air-film gap to the high-pressure
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Because of the flexibility of the OC diaphragm seal, the chances are very good that the seal
ring will follow conical runner distortion, as can be seen from the following comparison of the
seal-ring and air-film angular stiffnesses. The bending stiffness of the ring can be calculated,
assuming that the ring tilts as a solid body, from

, _ H
Kr = '1?2
where
bh3
= — = 0.211(1073) in?
12 (107%) in
E = 23 x10° psi
R= 13.5in

K* = seal ring bending stiffness = 27.0 in-1b/radian

The restoring moments of the gas film are much higher than those required to overcome the
seal ring’s internal resistance to bending, The seal ring also can be subjected to tilt in another
way, through the application of residual moments. These moments arise as result of changes
in operating conditions, dimensional seal variations due to manufacturing tolerances, and
thermal deformation. The effects of the residual moments are discussed below.

b. RESIDUAL MOMENTS DUE TO CHANGE IN OPERATING CONDITIONS

The residual moments resulting from change in operating conditions have been previously
calculated in Reference 7. Neglecting the seal ring’s resistance to tilt, the seal ring will tilt
until the imposed residual moment is balanced by a restoring moment created by the tilt
angle a . Hence, knowing the residual bending moments, angle a can be directly determined
from Figure 22. The tilt angles obtained are high in particular at take-off for the end stage
seal. A significant reduction in tilt angle can be achieved through slight increase of the gas-
force moment-arm between the lower pad and the centroid from 0.474 inch to 0.494 inch.
The resulting residual moments are shown in Table 1.

TABLE 1

ADJUSTED RESIDUAL MOMENTS IN THE
OC DIAPHRAGM END SEAL

res a
1b-in/in Milliradians
Cruise 0.40 0.2
Idle 0.236 0.38
Take-Off -0.70 -0.32
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The adjustment in the moment arm produces a residual moment on the seal at cruise and
slightly increases the residual moment at idle. The residual moments at take-off, however,
are reduced from —1.35 in-Ib/in. to —0.70 in-1b/in. As a result of these changes, the tilt
angles all fall within the specified range of 0.0007 to —0.0004 milliradian.

c¢. RESIDUAL MOMENTS DUE TO DRAWING TOLERANCES

The most critical tolerances in terms of their contribution to the residual moment change are
the tolerances of the spring diameters (A, B, and C in Figure 24) and their respective con-
centricities. Based on these tolerances, the residual moment change for all applicable oper-

ating conditions can be calculated as shown in the following sample calculation for the end
seal at cruise.

(1) Sample Calculation for C-Diaphragm at Cruise

Ap = 80 psi

Tolerance on diameter “C” is + 0.004 inch, therefore, radial distance x, in Figure 24 can
vary by * 0.002 inch. '

l DIA. Y

DIA. C 10.004

fo.zso + 0.002
__L - —x4

1 X3 = 0.494

—
—
e

DIA. B

DIA. A ¥ 0.004
DIA. D

Figure 24  Critical Tolerances in the OC Diaphragm End Seal
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Tolerance on eccentricity of diameter “C> with respect to diameter ““Y” is + 0.004 inch.
This permits an additional change in distance x, by * 0.002 inch.

Based on the above tolerances, the total increase or decrease in x, is 0.004 inch.
The net gas-force change is thus

F, = ApAx, = £80(0.004) = *0.320 Ib/in.

rl

The moment arm of the Ap Ax, , gas force is 0.175 * 0.002 inch.

It should be noted that when the gas force decreases (Ax, is negative), the moment arm in-
creases by one half the magnitude of the decrease in Ax,

In the case of cruise and idle conditions we are only interested in the positive residual moments
developed, inasmuch as the residual moments at cruise and idle are positive, and the positive
moments due to tolerance changes will be directly additive to yield the worst possible case.

At take-off where the residual moments due to change in operating conditions are negative,

the problem is not so severe. The total moment change at cruise is thus

in-1b
M = F x, = +0.320(0.175 + 0.002) = 0.056 ——

c rl 2 in

(2) Sample Calculation for O-Diaphragm At Cruise

Tolerance on Diameter A in Figure 24 is +0.004 inch and moment arm x, due to this toler-
ance will vary by +0.002 inch.

Tolerance on dimension x, over which Ap acts is £0.002. This will affect gas force F ,
since F , = ApAx,. This tolerance also effects x; by £0.001 inch.

To obtain a positive residual moment at cruise,

F

r2

ApAx,

80 (0.002) = 0.16 Ib/in.

The moment arm X, , adding 0.002 inches of possible eccentricity effect is

0.494 + 0.002 + 0.001 + 0.002
0.499 inch

X3

The net moment at cruise due to “O” diaphragm tolerance is thus

in-1b
M = F.x. = 0.16(0.499) = 0.08 '%1—
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and the total moment on the seal due to the combined tolerance effect MOc = MO + MC =
0.14,

The residual moment values calculated for all specified conditions are given below.

Cruise 0.14
Idle 0.02
Take-Off -0.25

d. RESIDUAL MOMENTS DUE TO THERMAL EFFECTS

Due to lack of thermal data at off-design conditions, the over-all effects of residual moments
due to thermal gradients cannot be calculated at this time. The major contribution to the
residual moments from thermal effects is expected to come from the thermal gradients ex-
isting in the seal support O- and C-diaphragm springs and temperature differences between
the diaphragm springs and seal ring. (See Appendix C)

e. COMBINED RESIDUAL MOMENTS

The residual moments due to change in operating conditions, as well as the moments due to
drawing tolerances can now be added to yield the worst possible residual moment combin-
ations. The combined residual moments are listed in Table II.

TABLEII

COMBINED RESIDUAL MOMENTS FOR THE OC DIAPHRAGM END SEAL

M., Tilt Angle
(in-1b/in) (milliradians)
Cruise 0.564 0.32
1dle 0.263 0.40
Take-Off —1.01 —0.40

f.  EFFECT OF RESIDUAL BENDING MOMENTS ON FILM THICKNESS

The effect of residual bending moments on film thickness during operation can be found us-
ing the data obtained from Table II to find the minimum film thickness from the static per-
formance characteristics shown in Figure 21. The values of minimum film thickness h .
and mean film thickness h_ are given in Table IIl. These values will be later used to adjust
the results of the tracking analysis to account for the residuai moment effects. Note, that
the values given here are conservative, inasmuch as the internal seal ring resistance to tilt is
assumed to be zero.
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TABLE III

MEAN AND MINIMUM FILM THICKNESSES RESULTING FROM RESIDUAL
MOMENTS IN THE OC DIAPHRAGM END SEAL

Rmin hRm a
(in x 10%) (inx 103) (rad x 10%)
Cruise 0.84 1.386 0.32
Idle 0.68 0.94 0.40
Take-Off 0.55 0.81 —0.40

g EFFECT OF SEAL RING TILT ON SEAL LEAKAGE

Seal leakages have been calculated and tabulated in Reference 7 for all operating conditions
at parallel film thicknesses. Having established the maximum residual moments expected
during operation and the resulting tilt angles (see Table III), the effect of the seal ring
angular tilt on leakage can now be determined from Figure 23.

The net results are shown in Table IV where values of parallel film thickness leakage rates
are compared to tilted seal ring leakage rates. The results indicate only slight increases in
leakage at cruise and idle. The only appreciable increase in leakage due to tilt (about 25 per-
cent) occurs at the take-off condition. Considering the fact that the calculated tilt angles
represent conservative estimates of the expected maximum, the increase in leakage shown at
this condition represents also a highly conservative estimate.

TABLE IV

TILTED- AND PARALLEL-FILM MAXIMUM SEAL LEAKAGE
IN THE OC DIAPHRAGM END SEAL

Parallel Film Tilted Film Tilt Anglea
(Ib/sec) (Ib/sec) (rad)
Cruise 0.113 0.116 0.00032
Idle 0.024 0.022 0.00040
Take-Off 0.390 0.490 0.00040

h. OCDIAPHRAGM SEAL DYNAMIC PERFORMANCE

(1) Tracking Analysis

The tracking analysis employed to investigate the dynamic seal performance characteristics
is described in detail in Section IB of this report. In the course of evaluation of seal tracking
performance, the seal is subjected to three runner input modes. Inthen = 0 mode, no
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axial runner input deflection exists but the seal ring (or the runner) is tilted by an angle En,
the seal tilt angle being uniform all around the circumference. This condition is represent-
ative of the state in which the seal or runner is initially coned or is subjected to thermal tilt
or coning. The gas film characteristics required for the input, suchas K ,K_ , K, and
K, have been calculated based on a seal tilt angle of 0.0004 radian.

Inthe n = 1 mode the runner exhibits an 0.003-inch full indicator runout resulting in a
+0.001 5-inch wobble once per revolution.

Inthen = 2 mode, the runner is distorted in a saddle shape, exhibiting two high and two
low spots symetrically spaced, the maximum deformation being 0.001 inch from planar.
At this condition, the runner deformation occurs at a frequency equal to twice the runner
frequency of rotation.

Then = O,n = landn = 2 modes of distortions are graphically shown in Figure 25.
The tracking results based upon the seal distortions discussed above are given in Table V. In
this table, n, §_,h_ ,8 ,and €_ are inputs into the computer program. The minimum film
thickness for each mode of dlstortlon is calculated from the following relationships estab-
lished in Section IB.

an = CAl en + CA2 6n
6n =C 1 g-n + CB2 n
un = Cul 6n + Cu2 sn

v, = Cvl §'n + Cv2 n,

where €_ is the seal to rotor angle as shown in Figure 25,8 = &/b (8 being the axial
rotor d1splacement shown in Figure 25), and b the radial w1dth of the seal face. The “C’s’
are influence coefficients calculated through the use of the computer program. These are
listed in Table VI for all operating conditions.

The minimum film thickness is calculated using the following relationships

b
hmin= hm __2_ Ien_aﬂ_ﬁnl bI——.(Sn +un +Vn|

The results indicate that at most conditions, with the given input distortions, the seal would
still operate at reasonably safe minimum film thicknesses even if all distortions were to fall
in phase in such a manner that the film thickness loss (h,, —h_ ) resulting from each mode
of distortion would be directly additive yiclding the combined h , shown in Table V.
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INFLUENCE COEFFICIENTS FOR THE OC DIAPHRAGM END SEAL

Mode
Number

[—

TABLE VI

Cruise

0.920
0.9043
0.8580

0.0983
0.0839
0.0431

0.0141
0.0320
0.0818

0.0000
0.0031
0.0114

0.0111
0.0133
0.0196

0.9576
0.9625
0.9769

—0.0020
—0.0043
—0.0109

0.0000

—0.0004
—0.0015
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Idle

0.9411
0.9237
0.8752

0.0603
0.0549
0.0397

0.0131
0.0313
0.0822

0.0000
0.0030
0.0113

0.0055
0.0066
0.0098

0.9171
0.9196
0.9267

—0.0012
-0.0024
—0.0057

0.0000
—0.0002
—0.0006

PWA-3302

Takeoff

0.935 -
0.9180
0.8696

0.0625
0.0534
0.0271

0.0136
0.0320
0.0832

0.0000
0.0031
0.0115

0.0104
0.0131
0.0206

0.9715
0.9745
0.9834

—0.0022
0.0050
0.0129

0.0000
0.0005
0.0017
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(2) Natural Frequencies

The OC diaphragm seal system yields four natural frequencies. Two of these, resulting from
the seal-ring vibration analysis, are

<
1

1 1 12 1172
n1 [5 P, + E(Plz — M6 P) J

1 1 . 12| 12
V., ['2— Pl — E(Pl - 4f12f22P22) ]

For details, the reader is referred to Section IB. The calculated values of v,, and vy , fall
far beyond the operating speed range, imposing no problems directly related to the design.
The other two natural frequencies, v, and v,, result from the behavior of the entire system
in terms of rigid body vibrations. As previously discussed, v, and », can be closely approx-
imated using the following relationships:

_ "EE' 1/2
v, |, J
. [5]7
v, | =, |
where
K, = gas film stiffness (Ib/in)
K, = spring diaphragm stiffness (Ib/in)
m, = seal ring mass (Ib-sec?/in)
m, = carrier mass (Ib-sec?/in)

As has been shown in Section IB, v, is far beyond the operating speed range and thus also
imposes no particular problem on the design: v,, however, depends upon the selected OC
spring geometry and carrier mass. Consequently, the ratio of K, / m, , due to practical de-
sign limitations, had to be carefully selected so that the resulting critical speed (v, ) fell above
the operating speed of 8000 rpm.

The final values of natural frequencies for ali operating points under considcration are listed
in Table VII with the corresponding operating frequencies (v, ).
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NATURAL FREQUENCIES OF THE OC DIAPHRAGM END SEAL

TABLE vVII
IN RAD/SEC
Mode
Number Pn1 Va2
0 46,789 11,337
Cruise 1 47,069 11,370
2 47,899 11,466
0 46,728 8,220
Idle 1 47,145 8,223
2 48,372 8,232
0 54,152 13,746
Takeoff 1 54,465 13,792
2 55,393 13,925

Yy

13,123
13,123
13,123

7,983
7,983
7,983

16,319
16,319
16,319

Y,

1,273
1,273
1,273

1,240
1,240
1,240

1,280
1,280
1,280

14
[

760
760
760

1,273
1,273
1,273

1,280
1,280
1,280

Examining the values of the lowest natural frequency (v, ) and comparing these to the
approximate operating frequencies (v ) at each condition, the conclusion may be drawn
that the lowest natural frequencies of the system fall safely above the operating frequencies.

(3) Carrier and Seal Ring Rigid Body Response

In the analysis of rigid body vibrations discussed in Section IB, the dynamic rigid body re-
sponses of the carrier and the seal ring with respect to the unit runner input, are expressed
by C, /C,, C,/C, respectively. From Table VIII, the relative motions of seal diaphragm and
carrier can be found. The carrier response C, /C, indicates that the carrier motion at cruise
will be highest and approximately equal to 1.5 times the runner input displacement. Due to
the damping action of the torque pins, a good percentage of the indicated gain will probably
be damped out. The seal diaphragm follows the input motion almost perfectly as indicated

by the CZ/C3 ratios of close to 1.0.

TABLE VIII

CARRIER AND SEAL RING RIGID-BODY RESPONSE RATIOS

C /C

1 3
Cruise 1.57
Idle 1.12
Takeoff 1.42
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i. ~ COMBINED STATIC AND DYNAMIC SEAL PERFORMANCE

The results of the tracking analysis discussed above show that the gas film possesses sufficient
restoring moment capabilities to counteract initial seal ring deformation within reasonable
limits of seal ring tilt angle when the deformations are not produced by residual moments.

When residual moments are present, the seal ring (neglecting its internal resistance to tilt) will
tilt to the point where a restoring moment of equal and opposite magnitude is developed by
the gas film. The effects of seal ring tilt due to residual moments are not considered in the
tracking analysis aside from the fact that the gas film characteristics are calculated at ex-
pected tilt angles.

To take into account the residual moment contribution to the minimum film thickness dur-
ing operation, the difference between parallel film thickness h (listed in Table V) for all
running condition’s, and minimum film thickness h, . (listed in Table III) resulting from the
residual bending moment, is subtracted from the minimum film thickness h._. (listed in
Table V) obtained in the tracking analysis, or

h,  —(h —h

Tmin

Rmin) = thin

where h . is the final combined minimum film thickness. This approach is conservative,
since it assumes that all deformations act in phase and are thus directly additive. It also
assumes no internal resistance of the ring and a worst-tolerance stackup. The values calculated

using this procedure are shown in Table IX.
TABLE 1X

FINAL MINIMUM FILM THICKNESS OF THE OC DIAPHRAGM
END SEAL DURING OPERATION

hm hRmin h Tmin thin
Conditions (in x 103) (in x103%) (in x 103) (in x 103%)
Cruise 1.00 0.84 0.84 0.68
Idle 0.85 0.68 0.63 0.46
Takeoff 0.85 0.55 0.74 0.44

The addition of the residual moment effects obviously lowers the operational film thickness.
The final values, with the exception of one condition, indicate less than 50 percent film loss
for the worst cases considered. OC diaphragm end seal performance should thus be satis-
factory over almost the entire range of conditions.

4. OC DIAPHRAGM SEAL THERMAL ANALYSIS

Thermal maps showing the temperature distribution of the seal’s cross section and the immediate
surrounding areas have been computed at cruise conditions. The detailed analytical procedure
and results are given in Appendix C.

65
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The results for the end seal are slightly different from those reported in Reference 7. The
differences are mainly due to the assumption of reduced air temperature at the-low pressure
side. According to the latest thermal analysis, this temperature is expected to be 1136 de-
grees Fahrenheit instead of the originally assumed 1200 degrees Fahrenheit.

In summary, the end seal temperature distribution yields reasonably low temperature
gradients. Although the thermal gradients in the seal section will produce a seal face defor-
mation with a slope of —0.0027 in/in, this will be entirely offset by counteracting pressure
forces.

5. OC DIAPHRAGM END SEAL ORIFICE PRESSURE DROP CALCULATIONS

The analysis of the OC diaphragm end seal assumes that no pressure drop occurs at the lower
pad orifices which admit pressurized air to the Rayleigh shrouded pads and that no pressure
drop occurs at the vent holes incorporated in the seal ring and carrier. To ensure that these
pressure drops are minimized in the actual design, the number of orifices and orifice diameters
must be kept as large as physically possible within the design limits.

a. PRESSURE DROP THROUGH RAYLEIGH PAD FEED HOLES
The maximum possible Rayleigh shrouded step feed orifice diameter is 0.062 inch. Since

there are 77 pads in the end seal, there are also 77 feed orifices present. The air flow through
the lower pad at cruise is 0.084 1b/sec.

m«~/ RT

G = p, ma* C ng (69)
where
G = dimensionless flow
p, = supply pressure = 100 psia
R = gasconstant = 2.47 (10%) in?/sec? —°R
T = supply temperature = 1660°F
a = orifice radius = 0.01325in

C, = coefficient of discharge = 0.8
n = number of orifices = 77
g = gravitational constant = 386 in/sec?

m = flow = 0.084 Ib/sec
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Therefore, for the end seal cruise condition, G = 0.233.

p 2
From Figure 12, Reference 8, for G = 0.233, p—l-> = 0.92
2
p
2 =096
P,

The pressure drop across the Rayleigh pad feed holes is thus only 4 percent of the supply
pressure and should not appreciably affect seal performance. At take-off, the lower pad flow
is increased, but due to an increase in supply pressure and a decrease in temperature, the
pressure ratio across the orifice will remain essentially the same as at cruise.

b. PRESSURE DROP THROUGH VENT HOLES

The pressure drop through the vent holes is calculated in a similar manner. The following
specific values apply:

154

p, = 20 psia n

a 0.0625 inch m

0.017 Ib/sec

All other values are the same as those used in the Rayleigh pad feeder hole calculations. Sub-
stituting in Equation 69, G =0.123 and P, /P1 = 0.98, which is low enough to be consider-
ed negligible. Again, at take-off, in spite of the increased flow, no appreciable increase in
pressure ratio is expected due to compensating temperature effects. Nevertheless, in the
final detailed layouts the vent hole sizes should be increased to the maximum possible to
avoid pressure buildups.

6. PRELOAD HELICAL COIL SPRINGS

To save on design and manufacturing expense, the helical coil springs used in the OC diaphragm
can be exactly the same as those used in the one-side floated-shoe design.

The spring specifications are as follows:

Wire size (inches) 0.035 +0.008 dia

Coil outside diameter (inches) 0.445 Reference

Spring rate at 70°F 1.942 Ib/in Reference

Solid height (inches) 0.601 to 0.671

Free heights (inches) 1.870 Reference

Total number of coils 18 Reference

First load 01b,7 ozto O1b 9 oz at 1.612 inches length
Second load 11612 ox to 2 1b 0 oz at 0.904 inches length
End Condition Close ends and grind square to within 2°

The spring rate variations according to the above specifications are plotted in Figure 26.
For the end seal, the nominal spring length is 1.130 inches. At this length the load can vary
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between 1.54 and 1.32 pounds. For 24 springs, the total spring load variation is thus 37.0
to 31.7 pounds. Using a mean seal diameter of 27.050 inches, the variation in terms of
spring load per inch of circumference is 0.437 Ib/in to 0.373 Ib/in. Similarly, at the mini-
mum working length (nominal length less 0.2 inches) the load variation in pounds per inch
of circumference is 0.553 to 0.482 1b/in, and at the maximum working length (nominal
length plus 0.2 inches) the load can vary between 0.333 and 0.277 Ib/in. The over-all spring
load variation (taking into account the change in the spring’s working length because of
differential thermal expansion of test parts and spring tolerances) is 0.277 to 0.553 Ib/in.
In the original seal balance calculations, a constant spring load of 0.5 1b/in. was assumed to
be acting on the seal at all conditions. Due to the fact that the spring load is not constant,
what remains now to be established is the effect of spring load variation on film thickness
and residual moments, and the minimum spring load sufficient to overcome friction at the
antirotation pins.

a.  EFFECTS OF SPRING LOAD VARIATION ON FILM THICKNESS AND RESIDUAL
MOMENTS

To be conservative, let us assume that the entire spring load variation can occur at end

idle conditions (the worst conditions), where the over-all pressure loading is lowest. The
change from 0.5 1b/in assumed load to 0.553 Ib/in maximum possible load will have negligible
effects. Considering now the minimum possible spring load, the loss in seal face loading is
0.5 —0.227 = 0.223 Ib/in. The total load at the interstage seal is 20.0 Ib/in, (Table V,

Ref. 7) thus the load loss of 0,223 1b/in represents a decrease of about 1 percent which is

still within the over-all design accuracy and should not appreciably effect the operating seal
clearance,

To determine residual moment effects, the simplified OC diaphragm seal model shown in
Figure 27 can be used.

—

F51 = 1/3(0.223) = 0.0743 LB/IN

I“52 =2/3(0,223) = 0.148 LB/IN

Figure 27 = Simplified Diagram of the OC Diaphragm Seal
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Summing up the spring moments about the centroid
—0.148 (—0.494) + 0.0743 (0.175) = 0.060 in.lb./in.

This moment is extremely low, and in any event will subtract from the original residual
moment in all cases (with exception of end seal take-off) thus actually reducing the tilt
angle (a). Based upon the above calculations, it can be concluded that the effects of spring
length and spring gradient variations on seal performance are negligible.

b. MINIMUM SPRING LOAD REQUIREMENTS TO OVERCCME FRICTION

Let us assume conservatively that only the spring load acts on the seal in the axial direction
at cruise. From Reference 7, the power loss generated by the OC diaphragm end seal at

cruise is 6.3 horsepower. At w = 757 rad/sec,
550) (6.3) (12
Torque = ( ) (6.3) (12) = 55in/lb
(757)

The frictional force to be overcome by the spring is

Torque
Radius

Ff = coefficient of friction x

Assuming a coefficient of friction of 0.5 and a radius of 14.5 inches,

55
= 05 — = 2.
Ff 5 145 2.0 pounds

The minimum available spring force from Figure 26 is 0.98 1b/in, so that for 24 springs the
total spring force is approximately 23.5 pounds, which is an order of magnitude higher than
the frictional force to be overcome. The helical coil springs as specified can thus be used
safely in the seal designs.

7. CARRIER BALANCE

The force and moment diagram for the OC diaphragm carrier cross section is shown in

Figure 28. The carrier is designed so that the net resultant moment about the centroid of the
cross section is small and bending stiffness high, thus minimizing carrier rotation. Further-
more, to make sure that the OC diaphragm springs remain slightly compressed during oper-
ation, the carrier is balanced to yield an additional 0.5 1b/in of pressure loading at cruise.
This load acts in the same direction as the spring load. The forces acting on the carrier are:

F_  Helical coil spring load = 0.5 1b/in

F,, C-diaphragm spring reaction
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F., O-diaphragm spring reaction

F, C-diaphragm radial pressure load =.2Ap
F, O-diaphragm pressure load = 0.25 Ap
F_ Carrier axial pressure load = y, Ap

F_ Carrier radial pressure load = 1.255 Ap

Furthermore,

1]
I

o = 0.167 + 2.09(10°%) Ap

T
]

. = 0333 + 4.18(10%) Ap

Fy

[ — 14-0.173 1.273
—

Fa
s A
' l Jo.2see—F—f Fo
Fy

* 0'111 o.gss
0.156 B
F3 F_y 25 0.302

< 0.449 >1<—0.806—>

Figure 28 Force and Moment Diagram for the OC Diaphragm Seal Carrier
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The left-hand terms of F_| and F_, are the reactions to the helical coil spring load and the
right-hand terms are reactions to the carrier imbalance of 0.5 Ib/in at cruise.

For balance, XF = 0

F, +F, +F, —F —F, =0

s1

Substituting the given values in the above equation

0.167 + 2.09(1073) Ap + 0.333 + 4.18(107%) Ap + 0.25 Ap-y,Ap — 0.5 = 0

or
0.256 Ap—y, Ap = 0
Y, = 0.256 inch
For ZF = 0, the only loads acting on the carrieris F_ and F,. The internal ring

reaction to these loads will, assuming no ring distortion, pass through the centroid of
the ring’s cross section, and thus is of little interest in the moment balance when
moments are taken around the centroid. The centroid coordinates x* and y* for the

given cross section are calculated using the moment area method to be x* = .449 inch
and y* = .302 inch.

Note that M, # 0. but equals M, the residual carrier moment. Referring to Figure 28,

M, = S13F —1.273F  + .178 F —.385F  —.156 F, —.156 F, —449 F,

—.0035 Ap —.6027

Pressure differentials corresponding to the end seal design conditions can now be easily sub-
stituted and carrier residual moments obtained. These moments are given in Table X.

TABLE X
BALANCE RESULTS FOR THE OC DIAPHRAGM END SEAL
I = .165 in?
R = 13.0in
Residual Modulus Angle of
Carrier Moment of Elasticity Carrier Rotation
AP My E 0
(psi) (in-1b/in) (psi) (rad x 10%)
Cruise 80 — .883 24 .038
Idle 13 — .648 30 022
Take-Off 150 —1.128 28 041
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The moment of inertia around the centroidal “y” axis is calculated to be 0.1251 in?, from
Reference 1.

M, R?
R
0 = —
El
Where 6 is the angle of carrier rotation, E is the modulus of elasticity, I is the moment of
inertia around the centroidal “y” axis, R is the mean carrier ring radius, and MR is the
residual carrier moment. Assuming a carrier radius of 13 inches, the values of 8 listed in

Table X were obtained for all design conditions. The angular carrier rotation, in all cases,
is of small magnitude.
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D. SEMIRIGID INTERSTAGE SEAL DESIGN

The final Task I design for the semirigid interstage seal is shown in Figure 2. Because the
semirigid end seal will not be evaluated in Task II, the following discussion will be con-
centrated on the semirigid interstage seal. As was the case with the OC diaphragm seal,
there are only minor differences between the end and interstage configurations of the semi-
rigid seal design.

1. PRINCIPLE OF OPERATION

The semirigid seal, although differing in other major respects, operates on the same basic

principle as the OC diaphragm seal, inasmuch as in this case too, the principle of clearance
controlled leakage is applied.

Primary sealing is accomplished at the seal face, which consists of a single land. This land
has a spiral-groove inherently compensated orifice profile, and acts as a bearing and seal
combination. The angular stiffness of a single land bearing is very low. As a result, the seal
ring must be rigid enough to absorb residual bending moments without appreciable deforma-
tion of the seal face. To accomplish this, substantial seal-ring length is required. Moreover,
the seal ring must also serve as a housing for the piston ring required for secondary sealing,
one of the secondary seals being formed by contact between the side of the piston ring and
the seal ring. It should be noted that the combination of seal length and piston ring contact
is conducive to the generation of high thermal gradients. Thermal gradients in turn cause
the seal surface to deform and through this deformation may seriously affect seal perform-

ance. In order to minimize the extent of thermal gradients and seal deformations the follow-
ing steps have been taken:

L The seal material was selected to provide high thermal conductivity in
combination with a low coefficient of thermal expansion.
° The piston ring was insulated through the inclusion of a thermal barrier in

the form of a radially annular slot.

L The seal’s cross section was designed to minimize thermal distortions through
the addition of a relatively constant temperature ring on the seal’s outer
edge close to the seal face.

L4 The seal’s tracking performance characteristics indicate tolerance to some
degree of distortion. Since slight distortion may be beneficial, the seal is
designed so that sufficient distortion occurs, the net result of which is an
increase in film clearance at high pressure ratios, reduction in heat generation
at the seal face, and an increase in leakage flow. The increased air flow also
carries more heat away from the seal face, leaving less heat to be dissipated
by the seal, and therefore lower thermal gradients.
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The seal ring is preloaded with 24 helical coil springs to ensure contact at start and permit
development of separating air films at relatively low speeds. The seal face and runner coating
materials were also selected with regard to compatibility at high temperature and resistance
to wear. They are identical to the ones used in the OC diaphragm seal.

2. SEAL CONSTRUCTION

The semirigid seal is a one-piece design. The seal basically consists of a ring composed of
front and rear sections welded together to form a thermal barrier. The rear section of the
ring includes 24 tabs for piston-ring retention and for spring-guide mounting. This same
section includes also four protruding slotted tabs for engagement of the antirotation pins.
The antirotation pins are the same as those used in the OC diaphragm seal. The front por-
tion of the seal includes the primary seal face and 360 orifices feeding in directly from the
high pressure cavity.

Calculations of force and moment balancing for the piston ring are not discussed in this
volume, since they were previously described in Reference 6, page 23. The piston ring is of
the same cross-sectional design as the OC diaphragm piston ring, but in this case the ring
rides on the seal’s inner edge. This change required a modification of the piston-ring spring
design. The piston ring rides on the seal support which connects through the support case
to the test housing.

The seal ring is made of Duranickel 301, a material of substantial high-temperature strength
combined with good thermal conductivity and relatively low thermal expansion. The seal
face is coated with aluminum oxide or chrome carbide, for the same considerations of pro-
file manufacturability mentioned in the OC diaphragm seal description. The seal supports
are made of Inconel X750.

3. MODIFICATION OF CROSS-SECTION

The semirigid seal cross section arrived at in Reference 7 and shown in Figure 29 exhibits
one basic drawback: the axial thermal gradients at cruise are high enough to cause end seal
distortions of 0.003 radians in the end seal application and higher in the interstage seal.
(See page 49, Ref. 7) The axial thermal gradients result from heat flow originating at the
seal interface and from heat flow due to radial temperature differences between the high-
and low-pressure test-rig areas.

The axial heat flow is enhanced by the fact that the seal and piston ring are in intimate
metal-to-metal contact, providing an excellent conductive path down to the seal support,
which extends through the low-temperature area to the housing walls. Thus, in order to
reduce the effectiveness of this built-in heat sink, the piston ring has to be isolated from the
seal ring. Since contact between piston ring and seal walls is absolutely necessary to main-
tain good sealing, it becomes advisable to introduce a thermal barrier in the seal proper,
close to the piston ring, leaving the back of the ring against which the piston ring rests
unaltered. This can be accomplished through the introduction of a radial cut out.
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Figure 29 Cross Section of the Semirigid One-Piece Seal

The air in this cut out is relatively stagnant and thus acts as a fairly good insulator. In order
to maintain seal rigidity and to prevent the gas loading applied by the piston ring onto the
seal wall from deflecting it excessively, the ring is welded at 180 points around the inside
circumference.

The introduction of the thermal barrier cut out necessitates rebalancing the cross section
through minor dimensional adjustments so that the location of the centroid is not ap-
preciably altered. This is important since the magnitude of the residual bending moments is
dependent upon the force moment arm to the centroid. The final adjusted, configuration is
shown in Figure 30. It forms the basis for the final seal design.
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Figure 30 Cross Section of the Semirigid One-Piece Seal with Insulating Cut Out
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4. SEAL BENDING STIFFNESS

The bending stiffness of the seal can now be calculated from:

where E = 23 x 100 psi, I = 0.0255 in4, R

then,

L _M_H
K =% ° 7%
=13.51n

in-1b
K* = 3218 2
r rad
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This represents only a slight reduction in stiffness over the 3820 in-1b/rad. of the original
“E” configuration discussed in Reference 7.

5. STATIC SEAL PERFORMANCE

a. RESIDUAL MOMENTS

The seal modifications described in the previous section have slightly altered the seal shape,
but the air-pressure forces acting on the modified seal remain essentially the same as on the
original cross-section. Consequently, neither the seal’s air-film forces nor centers of pres-
sure have been changed. The change in seal shape, however, brings about a slight change in
centroid location and bending stiffness of the seal ring, resulting in a change in residual
moments and tilt angle. These changes are tabulated in Table XI together with the magni-
tudes of all forces, centers of pressure and minimum film thickness. Examining the new re-
sults, the seal ring’s tilt at all operating conditions still remains negligible. In all cases the
small tilt angles are negative and acting in the direction of tilt opposite to that imposed by
thermal gradients. This will slightly alleviate the negative effects of thermal seal rotation.

b. GENERAL PERFORMANCE CHARACTERISTICS

The static seal performance characteristics at cruise conditions for the end and interstage
seals are discussed in detail in Reference 7. The basic performance curves at cruise are here
supplemented with the performance characteristics at idle and take-off conditions. These
curves are presented in Figures 31 through 36.

In general terms the comments made in the discussion of the end seal in Reference 7 also
apply to the interstage seal. Due, however, to the lower pressure differentials existing at the
interstage seal the latter’s characteristics are more sensitive to tilt.

(1) Minimum Film Thickness

At take-off conditions (Figure 35), the pressure differentials are still sufficiently high to
produce a slight increase in minimum film thickness at positive tilt angles. At cruise condi-
tions (Figure 31), the minimum film thickness begins to decrease with positive tilt. The
rate of decrease, however, is still low in comparison to that at negative tilt. At idle condi-
tions (Figure 33), where the pressure differential is down to 2 psi, the rate of decrease in
minimum film thickness at positive tilt angles exceeds the rate at negative tilt. Obviously,
tilt angles of 0.002 radians cannot be tolerated at these conditions. Neither, however, are
such high tilt angles to be expected to be present merely due to the fact that at idle the
over-all ambient temperature and heat generation at the seal interface drastically decrease.

(2) Air-Film Stiffness

The film stiffnesses, K, of the interstage seal are generally lower than the stiffness of the
end seal at corresponding conditions, mainly due to the reduced hydrostatic effects. As
will be shown in the tracking analyses, the stiffnesses are still sufficient to maintain suffi-
ciently large air films during operation.
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Figure 31  Minimum Film Thickness and Center of Pressure for the Semirigid
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Figure 32 Leakage and Stiffness of the Semirigid Interstage Seal at Cruise
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Figure 36 Leakage and Stiffness of the Semirigid Interstage Seal at Take-Off
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(3) Leakage Flow

As shown in Figure 32, the leakage flow at cruise actually decreases at positive tilt angles.
At take-off (Figure 36), the flow slightly increases as a function of tilt angle, but the over-all
leakage magnitude is still of the order of 0.07 Ib/sec. at 0.003 radians. At idle (Figure 34),
the decrease in leakage at positive tilt is very pronounced, although at these conditions the

over-all leakage magnitude is extremely low and has no bearing upon the seal-design require-
ments.

(4) Static Performance

Summarizing, the static seal performance of the semirigid configuration is quite satisfactory
over a range of positive tilt angles of 0 to 0.003 radians at cruise and take-off conditions.
At idle (in particular for the interstage seal) the tilt angle tolerance is severely affected, but
tilt due to thermal gradients at these conditions is expected to be low during actual opera-
tion due to low speed and low ambient temperature levels.

6. TEMPERATURE DISTRIBUTION AND DISTORTIONS IN THE
SEMIRIGID INTERSTAGE SEAL

a. THERMAL GRADIENTS

The interstage seal is more prone to the development of axial thermal gradients than the end
stage seal because of lower film thickness and larger seal diameters, which contribute to
higher heat generation; and lower pressure differentials, resulting in low leakage flow, and
hence less heat carried away by the air. Because of these reasons, the thermal analysis per-
formed on the interstage seal was formulated with more attention to detail than that for the
end seal. Thus, the number of nodes was increased, and the effect of orifice air supply pass-
ages, and turbulence in the outer diameter 0.060 inch recess region at the entrance to the
seal face, normally neglected in the end stage analysis, were included in the analysis of the
interstage seal.

The nodal point distribution with adjacent subvolumes is shown in Figure 40 together with
the surface coefficient values at the seal boundaries. The final temperature distribution ob-
tained is shown in Figure 38. All thermal calculations are summarized in Appendix D.

Although, as expected, the over-all temperature levels are higher than those obtained on the
end seal, the actual thermal gradients contributing to seal ring tilt are not appreciably
different.

b. THERMAL DISTORTIONS

As previously indicated, the semirigid seal is sensitive to distortion-producing thermal
gradients. This sensitivity is vividly demonstrated by the differences in the thermal distor-
tions obtained on the end and interstage seals.
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Figure 37 Diagram of Nodal Points and Subvolumes for Thermal Analysis of the
Semirigid Interstage Seal
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The end seal thermal analysis was based upon laminar conditions existing in the originally
assumed 0.020-inch clearance between the upper portion of the seal ring and the runner. In
the interstage thermal analysis, the calculated turbulent heat generation in the increased
(0.060-inch) gap was included. The effect of this turbulence is important, inasmuch as it
raises the temperature difference between the average upper seal ring addition and the lower
main ring. This fact negates some of the restraining action of the upper seal ring on over-all

ring tilt resulting from the axial thermal gradients.

The calculations of thermal deformation of the semirigid interstage seal are given in Appendix
F. The results indicate a seal face tilt of 0.00343 radian for the interstage seal. The increase
in deformation in the interstage seal can be attributed to the additional heat input in the
0.060-inch gap, as well as to the difference in operating conditions. Further substantial in-
creases in the 0.060-inch gap to reduce the heat generation are subject to physical limitations,
and increases of a smaller order of magnitude, such as doubling the original clearance value

of 0.060-inch does not offer any appreciable decrease in heat generation.

7. TRACKING ANALYSIS

The general approach to the semirigid seal tracking analysis is the same as that for the OC
diaphragm seal. Thus, for symbol definition and analytical details the reader referred back
to Section IB of this report. The analysis of the semirigid seal was performed using the in-

puts shown in Table XII.

TABLE XII

INPUT DISTORTIONS USED IN THE TRACKING ANALYSIS OF THE

SEMIRIGID END AND INTERSTAGE SEALS

Cruise

Idle

Take-Off

Mode

Number )
n (inches)
0 0
1 0.0015
2 0.0005
0 0
1 0.0015
2 0.0005
0 0
1 0.0015
2 0.0005
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0
-0.00011
-0.000037

0
-0.00011
-0.000037

0
-0.00011
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Note that, in line with the conclusions arrived at in the thermal distortion analysis, a tilt
angle (o) of 0.003 radian was assumed at both cruise and take-off conditions in the calcula-
tions of air-film thicknesses. At idle, where the likelihood of severe thermal gradients is
greatly reduced, the air film characteristics were taken at a tilt angle of 0.0004 radian.

The influence coefficients are listed in Table XIII, and final tracking results are given in
Table XIV. As in the OC diaphragm seal tracking analysis, separate values of minimum film
thickness are given for the n = 0,n = 1, and n = 2 conditions. The minimum film thickness
values for n = O were obtained from Figures 31, 33, and 35. It is then assumed that all

minimum film thickness losses are in phase and thus directly additive, yielding the combined
worst-case minimum film thickness shown.

Due to the positive tilt, at high pressure differentials such as the ones encountered at take-off

conditions, the minimum film thickness actually increases over the original paralle] film thick-
ness. For lower pressure differentials, appreciable film losses can be noted. The idle condition
in particular, where the pressure differential across the seal is only 2 psi indicates a 58 percent
loss in film thickness in the minimum film thickness area. In general, however, considering

the conservative assumptions used, the tracking characteristics of the semirigid seal are quite
satisfactory.
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TABLE XIV

SEMIRIGID INTERSTAGE SEAL TRACKING RESULTS

Total
Mode Mean Minimum Minimum
Number Film Thickness Film Thickness Film Thickness
n o, radians hm h in hTmin
0 0.000850
Cruise 1 0.003 0.00102 0.000851 0.00041
2 0.000713
0 0.000700
Idle 1 0.0004 0.00080 0.00075 0.00049
2 0.00064
0 0.001400
Take Off 1 0.003 0.00079 0.000736 0.00126
2 0.000708
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Il TASK 1l
COMPRESSOR END SEAL AND STATOR

INTERSTAGE SEAL EXPERIMENTAL
: EVALUATION

A. INTRODUCTION

This phase of the program provides for final design and procurement of compressor end
seals and stator interstage seals, design and fabrication of a test rig, and experimental evalua-
tion of the compressor seals.

The final design of the four compressor seal concepts selected for experimental evaluation
includes all calculations, material determinations, analyses, and drawings necessary for seal
optimization, procurement and experimental evaluation. A test rig will be designed and
fabricated to evaluate the selected compressor end seals and stator interstage seals under
simulated compressor operating conditions. The test apparatus will simulate the last stages
of a full-scale compressor including supporting members and bearing system in order to
faithfully duplicate structural flexibility and thermal gradients.

The compressor end seals and stator interstage seals will be calibrated in incremental steps
at room-temperature static conditions, room-temperature dynamic conditions, and sub-
sequently over the full speed, pressure, and temperature operating ranges. The seals will
then be subjected to endurance testing and finally will undergo a take-off and cruise cyclic
test.

Final design layouts and detailed drawings have been completed for the one-side floated-shoe
end and interstage seals and for the full-scale test rig in which the seals will undergo experi-
mental evaluation. Hardware procurement is progressing for each of the above items.

PAGE NO. 93



PRATT & WHITNEY AIRCRAFT PWA-3302

B. ONE-SIDE FLOATED-SHOE SEAL

The fourth semi-annual progress report (Reference 7) contained a general review of the
progress made in the design and manufacture of the floated-shoe seal configuration. The
results of the primary gas film calculations using the triple-pad version of the shrouded
Rayleigh Step Bearing computer program were presented in Tables XX and XXI of Reference
7. During the past month these calculations have been expanded, and the results are plotted
in Figures 39 and 40 for end and interstage seals. The figures illustrate the effect of spring
load on the design point dimensionless load capacity and film thickness. A final tabulation
of end and interstage seal design point gas film characteristics is presented in Table XV. The
values represent the ideal parallel film situation and the effects of thermal distortion or seal
plate runout on the gas film characteristics have not been considered.

1.3

IDLE
\_/
TAKE-OFF

0.9 IDLE -/CRUISE

w
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o
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— /
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| —1

0.4 0.6 0.8 I.Ol 1.2 1.4 1.6 1.8 2.0 2.2
OPERATING FILM THICKNESS (h)~ MILS
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Figure 39 One-Side Floated-Shoe End Seal Gas Film Calculation

1. ONE-SIDE FLOATED-SHOE END SEAL

Most of the recent work on the end seal has consisted of procurement and fabrication of
parts and instrumentation. At the end of December, 1967, all small parts, such as pins,
springs, cups, etc. were completed and ready for assembly. The seal ring, seal-ring support,
and piston rings were ready for finish machining, and the sealing shoes were ready for final
machining.
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TABLE XV

DESIGN POINT GAS FILM CHARACTERISTICS

End Seal, One Side Floated Shoe

Idle

Applied Pressure (psia) 33
Back Pressure (psia) 20
Air Temperature (psia) 200
Mean Radius* (Inches) 13.620
Primary Film Thickness (Mils) 0.75
Secondary Film Thickness (Mils) 0.36
Seal Leakage (1b/sec)

Primary 0.003

Secondary (4 Seals) 0.011

Shoe Gap 0.010

Total 0.024
Primary Film Stiffness (1b/in) 209663

*The Room Temperature Mean Radius is 13.6 Inches

Interstage Seal, One Side Floated Shoe

Idle

Applied Pressure (psia) 33
Back Pressure (psia) 31
Air Temperature ('F) 200
Mean Radius* (Inches) 14.309
Primary Film Thickness (Mils) 0.99
Secondary Film Thickness (Mils) 0.36
Seal Leakage (1b/sec)

Primary 0.006

Secondary (4 Seals) 0.007

Shoe Gap 0.002

Total 0.015
Primary Film Stiffness (Ib/in) 107887

*The Room Temperature Mean Radius is 14.288 Inches
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100
20
1200
13.725
1.03
0.5

0.020
0.047
0.039
0.106
457054

Cruise

100

75
1200
14.419
1.03
0.40

0.009
0.015
0.016
0.040
358764
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Take Off

170
20
680
13.669
0.92
0.55

0.083
0.335
0.080
0.498
566839

Take Off

170
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14.360
0.725
0.42

0.020
0.099
0.031
0.149
645119
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Figure 40 One-Side Floated-Shoe Interstage Seal Gas Film Calculation

The contractor has decided to use capacitance proximity probes for measuring film thickness.
These probes will be embedded in two shoes 90 degrees apart. Six probes are now on order.
A shoulder on the probe will be electron-beam welded to the rear of the floated seal shoe.
The rear side of the shoe will have a counterbore to accept the shoulder on the probe. A
high-temperature ceramic cement will fill the 0.030-inch radial clearance between the body of
the probe and the cavity in the shoe. The utility of the probe will, however, be limited by
the temperature limits on the electrical insulation of the probe’s coaxial cable.

Pressure probes will consist of coiled stainless steel tubing fastened to the sealing shoe by a
suitable connecting element, which will be electron-beam welded to the shoe. Sample parts
are now being made up to test the feasibility of this connection and to test the effects of
thermal growth and thermal cycling on the very small welds. This type of probe will pro-
vide almost pin-point pressure data, an advantage not provided by the relatively large area
of the dynamic pressure transducers.

2. ONE-SIDE FLOATED-SHOE/INTERSTAGE SEAL

Pratt & Whitney Aircraft has completed a detailed thermal analysis of the one-side floated-
shoe interstage seal. This analysis includes the heat-transfer effects of the primary and
secondary leakage air and a more accurate determination of the convection and conduction
paths within the seal parts, than had been available for the preliminary analysis. The re-
sults of this analysis are presented in the thermal map shown in Figure 41. It appears from
the map that the temperature gradient across the seal carrier will be on the order of 100
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degrees Fahrenheit, which is considered excessive. To reduce this gradient, the contractor
is considering the use of a heat shield. The shield would provide a more nearly uniform

seal temperature by keeping the 800-degree Fahrenheit cooling air for the disk from coming
in contact with the interstage seal parts.

The more sophisticated methods to be used in the final thermal analysis are being incor-
porated in the TOSS computer program. These changes include a more accurate method of

- determining the thermal effects of leakage air and an improved method of determining con-
duction paths.

- Fabrication of parts and instrumentation has started. At the end of December, 1967, the
vendor was preparing to rough machine the large rings for the seal ring, seal-ring support,
and piston rings. Instrumentation will be the same as that for the one-side floated-shoe
end seal, although modifications may be made when the contractor has gained more ex-
perience with the end seal.
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Figure 41 Thermal Map of the One-Side Floated-Shoe Interstage Seal at Cruise Conditions
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C. OC DIAPHRAGM END SEAL AND SEMIRIGID
INTERSTAGE SEAL

NASA approved both the OC diaphragm end seal and the semi-rigid interstage seal for in-
vestigation under Task II in November, 1967. Detailing of the OC diaphragm end seal has
been completed, and the drawings are being checked before release. Detailing of the semi-
rigid interstage seal is still in process. However, the results of the tracking analyses of these
seals are still preliminary in nature.

1. MODIFICATION OF THE CROSS SECTION

The semi-rigid seal cross-section is shown in Figure 42 in its final configuration. The changes
included further widening of the thermal barrier to reduce the axial temperature gradient of
the seal and the redistributing of the mass to keep the centroid at the original position. The
position of the centroid is important because it could affect the mechanically induced
distortions.

0. 175>
|
0.35
3 J f
0.175
¢
-« 0.14.1
0.8 |
T y*
0.25
| / l
: l 0.05
‘ lex*>| |€—0.18
0.364 ———— y* = 0.402
- 0.5 »{ |e—0.05 x* = 0,099

Figure 42 Semirigid Interstage Seal
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2. THERMOELASTIC ANALYSIS OF SEMI-RIGID INTERSTAGE SEAL

Thermally induced distortions on the semi-rigid interstage seal were formulated with a
thermoelastic finite element computer program (Reference 10). The temperature distri-
bution is basically the same as the one shown in Figure 38 but it was redistributed to account
for the new geometry. Figure 43 shows the results of the analysis and gives axial and

radial displacement for certain selected points. The rotation of the seal face is 0.00337
radians in the direction that creates a converging flow passage with the runner, which agrees
with the results (0.00343 radians) discussed in Appendix F. The numbers inside the cross-

table lists the temperature for each element.

section indicate the subdivision as it was used in the finite element computer deck. The
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I } 1
| |I| i
u = 0,00126 u = 0,0039 u = 0,00818
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Figure 43  Semirigid Interstage Seal Thermal Deflection
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TEMPERATURE DISTRIBUTION (SEMI-RIGID INTERSTAGE)

SUBSYSTEMS
I I 111

ELEM TEMP °F ELEM TEMPCF ELEM TEMPCF
1 1311 1 1316 1 1300
2 1318 2 1316 2 1301
3 1320 3 1315 3 1300
4 1322 4 1315 4 1300
5 1311 5 1313 5 1300
6 1318 6 1314 6 1301
7 1320 7 1314 7 1300
8 1321 8 1314 8 1290
9 1319 9 1312 9 1291
10 1317 10 1312 10 1293
11 1317 11 1311 11 1295
12 1318 12 1309 12 1300
13 1319 13 1305 13 1300
14 1319 14 1301 14 1300
15 1317 15 1300
16 1312
17 1316

3. SEMI-RIGID SEAL SUPPORT

Seal support is the name given the structure that serves as the span between the seal ring
and the rig case. It functions as a surface on which the secondary seal piston ring rides, and
also an attachment for the torque pins and coil springs.

It is imperative that this sealing surface remain parallel (less than 1 milliradian slope) with the
centerline. This is complicated by the fact that the pressure forces that act on the structure
are large and cause slopes as high as 20 milliradians in some sections of the structure. To
keep this large angular distortion from being transmitted to the sealing surface, a thin cylin-
der was placed in the structure to damp out the angular distortions and allow the sealing
surface to remain a true cylinder.

In Figure 44, a sketch of the structure is presented along with curves that describe how the
structure behaves when subjected to the pressure loads. It also shows the radial deflections
and slopes when the piston ring carrier assembly and runner are in the extended position
(no dashed arrows), and shows the deflections and slopes with these parts in the retracted
position (with dashed arrows).
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D. TEST RIG AND TEST STAND

During the past six months, the contractor has been procuring and fabricating the required
parts for the test rig and the test stand. All of the parts required to assemble the rotor of
the test rig have been received and are being inspected. Three parts will receive some
reworking in order to achieve a satisfactory surface finish. Detailed plans for the rotor
instrumentation have been completed.

All required instruments and hardware for the test stand are either on order or in-house.
The required time for building up the stand has been reduced, since a better stand has be-
come available. The new stand already has many of the service lines for air, water, and
electricity in place. A high-capacity fan is installed at one end of the stand, and a vent is
installed at the other. An instrument panel is in place, and partially instrumented. The new
stand already has double doors, so that phase of the build-up is now unnecessary. The
rails for the drive and rig support have been installed in the stand. A remotely controlled
hatch has been installed so that outside air can be drawn into the stand for rig cooling. The
drive support system, consisting of the stand, engine, transmission, and gearbox has been
assembled and is ready for installation in the stand. The ceiling monorails and chainfalls
have been installed.
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. TASK HI
COMPRESSOR STATOR PIVOT BUSHING AND SEAL CONCEPT FEASIBILITY ANALYSIS

Work performed under Task 111 was completed in the first year of the project. It is discussed
in the first two semiannual reports (PWA-2752 and PWA-2875).
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IV. TASK 1V
PIVOT BUSHING AND SEAL EXPERIMENTAL EVALUATION

A. INTRODUCTION

This phase of the program provides for final design and procurement of bushings and seals,
design and fabrication of a test rig, and experimental evaluation of bushing and seal assemblies.

The final design of the two selected concepts for experimental evaluation includes all calcu-
lations, material determinations, analyses, and drawings necessary for pivot bushing and seal
optimization, procurement, and experimental evaluation.

A single-vane test rig has been designed and fabricated to evaluate two selected pivot bushing
and seal designs under simulated operating conditions for the last compressor stage. The vane
and actuating mechanism are applicable to current advanced engine practice.

The pivot bushing and seal assemblies will be calibrated in incremental steps over the full
pressure and temperature range, with a maximum pressure of 135 psi and a maximum tempera-
ture of 1200 degrees Fahrenheit.

The seals will be subjected to a cyclic endurance run of at least 40 hours duration following
a test program which provides for simulation of take-off (20 hours) and cruise (20 hours)
conditions typical of advanced engine designs through duplication of:

Compressor stage air temperatures

Supporting structure geometry

Supporting structure temperatures

Pivot movements as required for the vanes

Pivot loading (mechanical loading to simulate air loading is acceptable)
Compressor stage pressure drop

The pivot movement will be a minimum of 13 degrees at 10 cycles per minute. The pivot
loading will include a vibratory load at a convenient frequency super-imposed on the steady
load and equal to approximately =15 percent of the steady load.

Final design layouts and detailed drawings have been completed for the single bellows and

spherical seat vane pivot seals and for the test rig in which the seals will undergo experimental
evaluation. Hardware procurement is complete.
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B. DESCRIPTION OF SEALS AND TEST RIG

During the six-month period covered by this report, the Task IV work has largely consisted
of hardware procurement and instrumentation. Most of this work has now been completed,
and the first test run has been initiated.

Testing to date has been conducted with a single-bellows vane pivot seal in the test rig. A
schematic of the seal assembly is shown in Figure 45, and the seal is shown assembled on a
simulated vane (rod) in Figure 46. As shown in the photograph, thermocouples were in-
stalled to measure the temperature of the seal seat, the base of the simulated vane, and the
seal bushing. The seal seat and seal bellows are shown before assembly in Figure 47, and the
seal installed in its housing is shown in Figure 48.

The push rod used to transmit the static vane-bending moment and the superimposed vibratory
load is shown in Figure 49 with a close-up view of the strain gauge. The strain gauges are
installed in a four-arm bridge mounted on a tube 0.042 OD x 0.038 ID to measure the bend-
ing load applied to the simulated vane. The gauges are made from Constantan foil with grid
size of 0.015 x 0.020 inch. They are accurate within a temperature range of —100 to +400
degrees Fahrenheit. In installation, the push-rod support arm was misaligned so that the rod
did not follow the cam properly. This problem was remedied by increasing the inside diam-
eter of the carbon bearing. The vane cycling motor and linkage operated smoothly.

Figures 50 and 51 show the vane actuation link and its strain gauge. Like the gauge on the
push rod, this strain gauge is made by the Budd Company, and is accurate within a tempera-
ture range of —100 to +400 degrees Fahrenheit. Unlike the other, this gauge is made of
nichrome base alloy, and has a grid size of 0.062 x 0.067 inch.

Some difficulties have been encountered in procuring the seal parts. In the case of the
spherical-seat seals, some of the test pieces did not conform to specified dimensions for
spherical radii. The divergence was significant, and rework was required. In the case of the
bellows seals, inspection revealed that the free lengths of some bellows were below the mini-
mum required operating length. In some instances, the squareness of the sealing face also
required rework in order to provide a more nearly uniform face loading against the seat. In
order to solve these problems and to prevent the recurrence of similar problems, Pratt &
Whitney Aircraft has set up a continuing program with both seal vendors to assist them in
reoperating the parts to the required tolerances.

As previously mentioned, the first assembly of the test rig included a single-bellows vane
pivot seal test configuration. Photographs of the assembly installed in the test stand are
shown in Figures 52, 53, and 54. Instruments used include a Brown indicator for tempera-
ture readout, two pressure gages to monitor “air-in>’ pressures to the rig, a capillary flow-
meter, and a water monometer to measure the pressure differential across the flowmeter.
All of the instruments are standard except the flowmeter, which is a steel “hypodermic”
tube, 0.008 inches ID by 20 inches long, brazed into end fittings and supported by an ex-
ternal shell. The laminar air flow through the tube is linear to the pressure drop across the
length. The flowmeter was designed and calibrated for the operating pressure range and the
anticipated air loss through the test seals.
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Figure 45  Single-Bellows Vane Pivot Seal
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Figure 47 Seal (Left) for Single-Bellows Vane Pivot Seal, and Bellows (Right) (XP-79777)
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Figure 48  Scal Housing with Bellows Seal Installed  (XP-80136)

PAGE NO. 110



PWA-3302

PRATT & WHITNEY AIRCRAFT

(€2T08-dX ‘v+98L-dX)

agnen) ure1)§ Jo MAIA XS PUB poy ysng

6t N3y

PAGE NO. 111




PRATT & WHITNEY AIRCRAFT PWA-3302

Figure S0  Vane Actuation Link (XP-80487)
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Figure 52 Test Rig and Instrumentation  (XP-80959)
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On the first test run, readings from the strain gauges and thermocouples indicated that the
rig was working properly. However, pressurization revealed some air losses past the holes
for the thermocouple leads (shown in the foreground of Figure 54). The loss of air through
these holes invalidated the seal loss indications because they are determined by measuring
flow upstream of the rig. To eliminate the leakage, the contractor has decided to braze
small-bore stainless steel tubing into the existing thermocouple holes. Instrumentation leads
will be passed through the tubing and sealed with epoxy cement or low-temperature solder
at the end of the tubing, some distance away from the hot rig. The testing which has been
accomplished so far has successfully demonstrated the mechanical design concepts employed
in the rig, and has demonstrated the ability of the instrumentation to provide the required
data.
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PRECEDING PAGE BLANK NOT FILMED. PWA-3302

APPENDIX A

FLEXIBLE SEAL TRACKING ANALYSIS CONPUTER PROGRAM

The computer program is comprised of an executive program and a subroutine KCAL. The
executive program performs all the calculations necessary for the solution of natural frequen-
cy and dynamic response. The subroutine KCAL is used when the gas film stiffnesses are
not known.

1. EXECUTIVE PROGRAM

Seven major input cards are required for each set of input for the main program.

Card 1.

Card 2.

Card 3.

Card 4,

Title Card (80H)

Format (8 (E10.3) )

Item Number (8 items)

PNOYU AW

Format (10I5)

mao e

OMEGA

>
ZW

CK1
RHO

Dummy thickness of seal ring (inches)
Modulus of rigidity (1b/in2)

Modulus of elasticity (Ib/in?)
Rotational frequency (rad/sec)

Mean radius of the seal ring (inches)
Mass of the carrier (1b-sec?/in)

Spring rate of the carrier spring (Ib/in)

Mass density of the seal ring material (Ib sec?/in%)

Item Number (6 items)

A e e

IND
NGASTF
NKSSS
NAIP
NEN
NSW

NOPAD

1 for more cases, O for last case.

Number of sets gas film stiffness values

Number of sets of flexible support stiffness

Number of sets of polar moment of inertia

Number of modes of distortion present in the runner

1 for use of KCAL subroutine and O for direct input of gas-film
characteristics

Number of pads (O for double pad, 1 for single pad)

Format (5 (E12.5))

Item Number (5 items)

Note: One Card 4 needed for each NGASTF value used.
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1. HMN
2. CKSS
3. CKSA
4. CKAS

5. CKAA

PWA-3302

Nominal film thickness (inches)

Axial stiffness of the gas film (1b/in/in)

Axial change of load on the gas film due to angular displacement
of the rotor (Ib/rad/in)

Change of moment load on the gas film due to axial displacement
of the rotor (in-1b/in/in)

Angular stiffness of the gas film (in-1b/rad/in)

Card 5. Format (5 (E12.5))

[tem Number (5 items)

Note: One Card 5 needed for each NKASS value used.

1. KSSS
2. KSAS

3. KASS

4. KAAS
5. AM2

Axial stiffness of the flexible support (Ib/in/in)

Change of axial load on the flexible support due to angular
displacement (Ib/rad/in)

Change of moment load on the flexible support due to axial
displacement (in-1b/in/in)

Angular stiffness of the flexible support (in-lb/rad/in)

Mass of the seal ring (Ib-sec?/in)

Card 6. Format (5 (E12.5))

Item Number (5 items)

Note: One Card 6 needed for each NAIP value used.

B

Al

AlP
AITT
AREA

DA W -

Radial dimension of active seal width (inches)
Section moment of inertia (in%)

Section polar moment of inertia (in%)
Section mass moment of inertia (Ib-in-sec?)
Cross sectional area of the seal ring (in?)

Card 7. Format (5 (E12.5))

[tem Number (5 items)

Note: One Card 8 needed for each NEN value used.

1. EN

SDELM
ETAM
EPSN
ZETAN

W W9

Mode of seal ring and rotor distortion present (0 = conical,
1 = out of plane, 2 saddle shape)

Transverse displacement of the rotor § (inches)

Transverse displacement of the seal ring n (inches)
Angular displacement of the rotor €, (radians)

Angular distortion of seal ring ¢, (radians)
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2. SUBROUTINE KCAL

This subroutine is required only if NSW = 1 (see instructions for Card 4). The angular and
cross-coupling stiffnesses of a seal, as shown in Figure 23, are computed from the basic per-
formance data of the gas film. The subroutine KCAL will compute these stiffnesses at a
given nominal film thickness.

a. DOUBLE-PAD INPUT INSTRUCTIONS

For a double-pad seal (Figure 23), the gas film’s performance characteristics needed for KCAL
are the load capacity and the center of pressure for each pad at different film thicknesses and
tilted positions. It should be noted that the load capacities and centers of pressure are
dimensionless quantities, while film thickness is in inches. Five cards are required for each
double-pad KCAL computation.

For a parallel film, three sets of data are required. Each set consists of the film thickness
and the load capacities and centers of pressure of both pads at that thickness. HOP =h_ +
Ah. At HOP, the load capacities of the lower and upper pads are represented by W20P and
W10P respectively, and their centers of pressure are represented by X20P and X10P respec-
tively. HO = h_. At HO, the load capacities of the lower and upper pads are represented by
W20 and W10 respectively and their centers of pressure are represented by X20 and X10 re-
spectively. HOM = h0 - Ah. At HOM, the load capacities of the lower and upper pads are
represented by W20M and W10M respectively, and their centers of pressure are represented
by X20M and X10M respectively.

For a tilted film, two sets of data are required. Each set consists of the tilt angle and film
thicknesses for both pads, load capacities of both pads, and centers of pressure for both

pads. ANGM = - Aa, where Aa is a positive small angle in radians. At a tilt angle ANGM,

the film thicknesses at the middles of the lower and upper pads are given by H2M =

h +(Aa/2)(b; +b,)and HIM = h_-(Aa/2)(by +b) respectively, the load capacities are
given by W2M at (-Aa,H2M)and W 1M at (-Aa, HIM) respectively, and the centers of pressure
are given by X2CM at (-Aa, H2M) and X1CM at (-Aa, H1M) respectively. ANGP = Aa. Ata
tilt angle ANGP the film thicknesses are given by H2P = h_ - (Aa/2)(b; + b,) and
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HIP = h0 +(Aa/2Xb, + b)), the load capacities by W2P at (Aa, H2P) and W1P at (Aa, HIP),
and the centers of pressure by X2CP at (Aa, H2P) and X1CP at (Aa, H1P).

Five data items are required to describe the pads’ geometry and pressure difference. The
centroid of the section from the high-pressure side is denoted by XSTAR (in inches). The
widths of the lower and upper pads are given by B2 and B1 respectively (in inches). The
pressure difference between the pads is represented by DELTP (in psi). DELTP=P, -P,.
The width of the pad recess is given by SDST (in inches). SDST = b-(b,+ b,).

The above data should be arranged in FORMAT (8(F10.5)) in the following order:

Card 1.
Item Number (8 items)
1. HOP Film thickness h: (inches)
2. X20P Center of pressure of the lower pad at (a =0, h;)
3. W20pP Load capacity of the lower pad at (a =0, h})
4. X10P Center of pressure of the upper pad at (a =0, h:'))
5. W10P Load capacity of the upper pad at (a =0, h;)
6. HO Film thickness h_ (inches)
7. X20 Center of pressure of the lower pad at (a=0, h_)
8. W20 Load capacity of the lower pad at (a=0, h )
Card 2.
Item Number (8 items)
1. X10 Center of pressure of the upper pad at (a=0, h_)
2. W10 Load capacity of the upper pad at (a=0, h_)
3. HOM Film thickness h- (inches)
4. X20M Center of pressure of the lower pad at (a=0, h)
5. W20M Load capacity of the lower pad at (a=0,h_")
6. XI10OM Center of pressure of the upper pad at (a =0, h})
7. W10OM Load capacity of the upper pad at (a=0, h’)
8. ANGM - Aa small angle of seal tilt (radians)
Card 3.

Item Number (8 items)

1. H2M Film thickness at the middle of the lower pad at a = - Aa
2. X2CM Center of pressure of the lower pad at (a = - Aa, H2M)

3. W2M Load capacity of the lower pad at (a = - Aa, HZM)

4. HIM Film thickness at the middle of the upper pad at (a = - Aa)
5. XICM Center of pressure of the upper pad at (a = - Aa, HIM)

6. WIM Load capacity of the upper pad at (a = - Aa, HIM)
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Card 4.

Card 5.

7. ANGP

8. H2P

w2p
H1P

Wi1p

B2
Bl

S R S

X2Cp

X1CP

Aa small angle of tilt (radians)

PWA-3302

Film thickness at the middle of the lower pad at (a = Aa)

Item Number (8 items)

Center of pressure of the lower pad at (a = Aa, H2P)
Load capacity of the lower pad at (a = Aa, H2P)

Film thickness at the middle of the upper pad at (a = Aa)

Center of pressure of the upper pad at (a =Aa, H1P)
Load capacity of the upper pad at (a = Aa, HIP)
XSTAR Section centroid (inches)

Width of the lower pad (inches)
Width of the upper pad (inches)

Item Number (2 items)

1. DELTP

2. SDST

Pressure differential (psi)
Pad recess (inches)

An example will indicate the method used to determine the input numbers. The seal under
consideration is the end seal, which consists of the spiral-grooved, orifice-compensated upper

pad and Rayleigh-step lower pad at cruise conditions.

Card 1.

Card 3.

HOP
X20P
W20P
X10P
WI10P
HO
X20
w20

H2M
X2CM
W2M
HIM

WiM
ANGP
H2P

Card 2.

.00105 inches
5

.62

4296

= .833

.001
S
.635

Card 4.
.0014

S12
.55

= .0006
XICM =

4326
915
.001
.0006

PAGE NO. 127

X10
w10
HOM =
X20M =
W20M = .
X10M
WIiOM = .
ANGM = .

X2CP
w2p =
HI1P

X1CP
WIiP =
XSTAR=
B2
Bl

= 4315
.842
.00095

648

= 4332

852
001

= 488
.808
= .0014
4315
825
.65
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Card 5.

DELTP
SDST

80.
3

b. SINGLE PAD INPUT INSTRUCTIONS

The angular and cross-coupling stiffnesses of a single-pad seal, as shown in Figure 20, are
computed in the same manner as for the double-pad seal. The subroutine KCAL will compute
these stiffnesses at specific film conditions. The gas-film performance characteristics needed
for the input of KCAL are the load capacity and center of pressure at the perturbed film
thicknesses and tilted positions of the nominal film thickness. To compute the single-pad
stiffnesses the gas film-data described below is needed.

For a parallel film,at h = h_ = HO, the load capacity and center of pressure are represented
by W0 and XCO respectively. Ath = h_+ Ah = h“: = HOP, the load capacity and center

of pressure are represented by WOP and SCOP respectively. Ath = h = - Ah = h = HOM,
the load capacity and center of pressure are represented by WOM and XCOM respectively.

For a tilted film at a =- Aa = ANGM (where Aa is a small positive angle in radians), the
load capacity and center of pressure are given by WM and XCM respectively at h = HO
At a = Aa = ANGP, the load capacity and center of pressure are given by WP and XCP
respectively at h = HO.

Three items of data concerning geometry and pressure-differences are required. The cen-

troid of the section from the high-pressure side is given by XSTAR (in inches). The width
of the seal pad is denoted by B (in inches). The pressure difference AP =P, -P, jg

represented by DELTP (in psi).

A total of three cards is required for each single pad KCAL computation. The above data
should be arranged in FORMAT (8(F10.5)) in the following order:

Card 1.

Item Number (8 items)

1. HO Film thickness ho (inches)

2. XCO Center of pressure at (a = 0, ho)
3. WO Load capacity at (a = 0, ho)

4. HOP Film thickness h} (inches)

5. XCOP Center of pressure at (a = 0, h})
6. WOP Load capacity at (a =0, h})

7. HOM Film thickness h (inches)

8.

XCOM Center of pressure at (a = 0, h})
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Item Number (8 items)

. ANGM

. XSTAR

Card 2.
1. WOM
2. ANGP
3
4, XCP
5. WP
6. XCM
7. WM
8

Card 3.

Load capacity at (a =0, h; )

Aa small angle of tilt (radians)

- Aa small angle of seal tilt (radians)
Center of pressure at (a = Aa, h))
Load capacity at (a = Aa,h,)
Center of pressure at (a = - Aa, ho)
Load capacity at (a =- Aa, h))
Section centroid (inches)

Item Number (2 items)

1.B

2. DELTP

Width of the pad (inches)
Pressure differential (psi)

PWA-3302

The gas film values are determined from the upper pad data in Appendix B. The output

from the subroutine is Kss, K K

sa > K gs> and Kaa -

The output from the main program using the values determined in the subroutine KCAL is
essentially the same as the output of the double pad program.

3. EXPLANATION OF OUTPUT

a. TRACKING PARAMETERS

GAM
GAM
GAM
GAM
GAM
GAM
GAM
GAM
GAM
GAM
GAM
F1

F2

Al

A2

C,/C, = (C,/C,) (1/C,/[C,) =

Defined by Equation 27
Defined by Equation 27
Defined by Equation 27
Defined by Equation 27
Defined by Equation 27
Defined by Equation 27
Defined by Equation 27
Defined by Equation 27
Defined by Equation 27
Defined by Equation 27
Defined by Equation 27
Defined by Equation 28
Defined by Equation 28
Defined by Equation 53
Defined by Equation 53

— O W00 AU D W —

—

K,

K, +K, - M,w?
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b. NATURAL FREQUENCY ELASTIC VIBRATIONS

NUN 1 Defined by Equation 41
NUN 2 Defined by Equation 42

c. DYNAMIC RESPONSE ELASTIC VIBRATIONS

CDELN Defined by Equation 47
ALFAN Defined by Equation 50
BETAN Defined by Equation 50
UN Defined by Equation 50
VN Defined by Equation 50
CAl Defined by Equation 51
CA2 Defined by Equation 51
CBl1 Defined by Equation 51
CB2 Defined by Equation 51
CUl1 Defined by Equation 51
CU2 Defined by Equation 51
CVi Defined by Equation 51
Cv2 Defined by Equation 51

d. NATURAL FREQUENCIES RIGID BODY VIBRATION

NU 1 Defined by Equation 54
NU 2 Defined by Equation 54

e. DYNAMIC RESPONSE RIGID BODY VIBRATION

C,/C, Defined by Equation 67
C,/C, Defined by Equation 68

f. DIMENSIONAL RESULTS

PHI ¢ =¢€,-(a, +B,)
DELTA H &, =

DELTA § = bd_

ETA n = bn,

HMIN h, .= hyn - 8,
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(NAHZ ¢ XZT ¢ NNHT * X T T ONVIZEHS * X6 PNV AIVHS * X6 ¢ NTISUDHS * XG)

, (ZNNNHH* X0 T * INNNHY *XS)
(ZAHZ*XZT Y TAHS XTI T * T IWVOHS * X))

(OTWYIHSEXOT ¢EWYOHH ¢ XD T4 BWYOHL ¢ XO T ¢ LWVOHL X0 T $OMYSHBH ¢ X1 )
(SANVOHE ¢ XOT ¢ HWVSHZ ¢ X TS CWTOHB S XD T8 ZWVOHE * XD T ¢ TRVOHBYXH)
(NIW HHSS¢XTT¢Y IHC ¢ XO$VINIZAHG X8 H VLTIAHLOXTT ¢ IHGHE $X L)
(CD/2THS X0 *ED/TDOHG ¢ XE)

(ZNANHE¢XTT¢ TNNHE *XG)

(ZI/TDHGOXP O ZYHI ¢ X2 T ¢ TYHZ *XS)

(EMNDHTOXT TSN THENX T TS ISDHESX T T ¢ PIWTHE S X T T ¢ TWYHE ¢ XG)

(NV3W HHOXB® LLIVHD ¢ XC TS VIHVHB*XO T ¢ NV LSHE $ X6 SNV LAZHG ¢ XG)
(NTIASHGS XN T ¢ NSAIHB ¢ XTT¢NHTsXET s dIHZ e XCT S IHT ¢ X/L)
(VOSBWOHSG* XO T *#VUMNHGTOXC T ¢ %SUMNHE*XO T XVSHHE S XOT *#SSHE *XS)
(OHHHESXT TS YUMHE X T T¢SYMHES X T T8 YSHHE ¢ X T T ¢SSHHE *XG)
(BHT*XCT*OHTSXC T HHT O XK T HHT S XET SVHT *XL)

( S1INS3Y IWWNOISNIWIA HIZ*XG2Z)

(ONTH W3S DILSVYI3 NNY viva HLZ)

(NOILUVNEIA AGO8 AI9Iy 3ISNOCSIH DIWYNAQ HBE*XLT)
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SSSyN*T=r 001 0aQ
L1SNOD*SS20=e M Z6
(QVAEON* YYD USADESUMDCSSMD)TIVOXN 1TV €6
coszertze (MSN) 41
(1)GdZL=vVaD
(1)HdZ=SVXD
([)EAZ=VSAHD
(1)2dZ=535>0
(I)laZ= NWH
41SVON*T1=1 001 0OQ
3NNILNDD 16
(1)SZ¢ (1) HA78 (1) 7127 (1) T2 (12°*S5)Av3d
N3aNti=1 16 0Q
INNILNOD 88
(1)G17v ()17 (1 )yec1zZzetld2ize () 1Lz (12¢G)Av3y
dlyNneT=] 88 04
ANNTLINOD &8
(1)SOZe (I H)bO7e(1HYEQZ¢(1)202¢(1)10Z (12¢5)AV3y
SSSAAN*T1=1 S8 04
3NNILNOD 18
(I1)GHZ¢ (1) bgze (1)H)eaZ2(1)12dZ%(1)T1dZ (12¢G)Qv3y
d418vonNe1=1 18 0Q
CVYAONP* MSNYNIN*JIUNYSSSING 41 SVYONCAONI (22¢G)AV3y
0SH*==68N0d
#d=0Sd 0L
ax8leg2®*9=L5N02
(L5%9)adllanm
(T1€*9)E51L1am
OHH* IMT TRV H*VOINWO*2*O*Y (G245 )AVHYy
(LS*S)Adv3y ©2
(IHT) 1VWH03 66
(INNHE *XS) LVANS0d 85
( 1
HOB)1lVvwag0d LS
(ZADHESXTTCYTADHESXTT*ZNOHE*XTT*TNOHE*XS) LVWHOSd 9SG
(ZEIHESXTTYTIEOHESXTIT*2YDOHE*XTT ¢ IVDHE*XS) LVWHOd GG

PAGE NO. 132




PWA-3302

PRATT & WHITNEY AIRCRAFT

H/CIX+* 1) #gd=1TWVO
((IX+*1)xH)/79=01WVO

((IX+* 1))/ IX*G=0WVY
AlO/0SdH#d#SYID=BWYY
dlo/0SE*VUAD=LWNYD
dID/058%xHH (SSYDDFSYNT ) =9WVO
dIO/Z(SYUSND+YYID ) #OSH+IX=SWVD
Tdw 4l Z8xSSMO#8NIH=PWYO
TAdWw3aL/VSHAIHENOH=ENWVD

TAWZL/ (SOSMD+SSMD) #GNJEXG=ENVD
TAWIL/(SYSHI+HVSHD ) #xGNIH=TWVO
(IX+°T)%d419=1dW3L

dlosld=1x

dlvx9=d19

Ilvyx3=13

SNOITLYIINDVD 40 14VLS

(T SIZ=NV1ZEZ

() »1Z=NSdd

9/Wv.iI=NvLi3

(M ENZ=Wv L3

d/7W13AS=N13dS

() 21Z2=nw"130S

(N 171Z2=N3

N3IN*T=71 001 034

(M)ysizZ=vasav

(Mrvlz=4141lv

(M) lZ=dlVv

(N)21LZ=1V

(M) Tiz=d

dlviN®T=> 0Ll QU

(r)50Z=<nV

(Fr)v0Z=5SVVvVD

(C)YEQZ=SSVval

(r)2osL=svsoD
LSNOO#SSo20=2M0
(r)1oz2=55S50

133

PAGE NO.



PWA-3302

PRATT & WHITNEY AIRCRAFT

N13AS#2ND+NSd3I* TND=NN

NV1J#28D+NVL37#18D=NVL38

N13AS#2VI+NSdI* TVO=NVIV
.ma|v\ﬁaqa*ﬁmzu*sdzqo+q2u*oz<wv+m3*mzu*~ﬁzqunm>u
(Zd=) /(A OxSNI3+ED# ( IX+TIN3) ) =TAD

N3AD/ (HDxHWTO+ED*¥EWYO ) =2ND

NO3AD/ (POXCWYO+ED#LWYO ) =1ND
2S4/2v93WC#IN3+010=90

GWNV9O-2N3I-=0%»0

[WyO+2ZNI=€D
Amatv\ﬁ)mv*ﬁHiqo*mzm+ﬁj*ﬁmzm*)ﬁz<o+¢2m*0540vvummu
(=) /(rZ0x (IX+ZNT)I+T10x2N3)=18D

NT13AD/ (20%28WYD+10*HWYD ) =2VD

NTI3IA2/ (0% L WYO+ TO¥ECWYO)=1VD
1S4/2Y93W0O#IN3+02D=20
ZRVYO-2N3%NTWVO-ENI*E6WVO-=020

OWVO+ZNIx T TWVO=10D

74— (2SH4%x1S3) /( 1d*2VO3WO%ZNI+H7VSIWOxPN3-)=N130AD
(SdW31) LH¥0S=2ZNNNZ

(HdW3 1) LHDS=TNNNZ

(CAW3ILl-Td)%xS*=GdW3L

(EdWIL+1d) xS *=HdW3L

(2dW31)150S=€dnW31L

2d#2S3x1SHdx*v-1dx ld=2dw3l

OGNV % TWVS—GCWYOxZWVO+INI*#{ T TWVO# TWVOT
—OITWYORGWYOD+OWVI—ZWVD ) +HNIx (T TWYD-EWTO%GRVO+0 TWVO ) +INIEWVO=2d
(HN3%#6WVOHINI*0 TWYOH+ZWUYO ) % 1S3+ (GWVO+2ZNIT) x25d=1d
ZVO3WO*ZVOINO=VvOINO

VOIWC#VOSWO=2VOIW0O

HNSx*2NI=9N3

ZN3I%*2N3=tN3

NI¥N3I=IN3

(2S4d)1805=24

11ly/d19=254d

(164)L8C5=14

(ENOYH*EBxVIUV#OHY) / 1dW31=154

PAGE NO. 134



PWA-3302

PRATT & WHITNEY AIRCRAFT

VOZWOSSUUMNDIISTYUNDI¢QUSHUI*SRSHD (02¢9)JLlamM
(SHvQ)3JLIum

OHYHSTUND ¢ SYNDCYSHD ¢ SSHD (02¢9)31LIum
(lveg)y3aLlgm

FeOeye8ey (0zZ*9) 3L YM

(OH*g)3LI UM

(8C*9)IL1HM

SNOI1VINDyD 40 ON3

v133d-NWH=NIWH

g# (ANQ+PHO*G* ) =v 1130

Addd=ANAa

861 01 09

{Addd)ys8vy=And

961661661 (NI JI

LET1%9614+961 (AY4HON) 1
NT13aS-NA+NN=Addd

(33Hd)Sgv=PHd
(NY13G+NV 4V ) ~NSdI=33Hd

OTdW3L#2D=1D
(OTAWILXSAHD=EMD+ 2D +ZVOIWO#ZWV =) /EMD=2D
(2MD+IDD+ZVOIWO#*TWY~) /ZMD=0TdW3L
H81¢€81¢€81(AVAHON) JI

0¢1=01dW3L

(6dw3L) LHOS=2NNZ

(8dW31)1d0S=1NNZ

SO (LAWIL-1V) =6dW3L
Gex(LdWIL+IV)=QdW3L
(9dW31)1lH0S=LdW3L

SVt~ 1V 1V=0dW3ILl

ZWV/(EAD+IIDY)I=1Y

281 0L 09

(ZWYX TV ) /Z CIDDREMAD+EID# DD+ SAD% IMD ) =2V
SWY/ (ED+2ID)+TWV/(ZDD+ D) =1V
181¢081¢081(AYdON) J1

o*0=2V

NV1I#ZAD+NVLIZ % TAD=NA

861
661

961
L61

161

val
€8l

28l
181

081

PAGE NO. 135



PWA-3302

PRATT & WHITNEY AIRCRAFT

INNZ

22412

ZNNZ* TNNZ

(02+*9)311uM
(8G*9)3LIuM
c6l OL 09
(0z2*9)311um
(8% ¢9)3L1dM
(Lc*9)3L1aM
(0z2*9)31lum
(Lt¢9)311aMm
3NNTLNOD

£61*261+261(CvdCN) 31

SADCIAD¢2ND*IND

28041820+ 2VD*1VD

NASNN*NY L1 3IA*NY 3TV *NT3AD

ZNNNZ ¢ TNNNZ

OTdW3LsSVr iV

248 T4 TTIWVO

NITWYOSEWYD ¢ BWYO*LWVO ¢ GWVO

GWVYO s HIWUD S CWTOD ¢ ZWVO s TWVO

EXD 2D IXNDC2WV TNV

NWH® 11 IV eY3IHVeNV1II*NVLII3Z

NTI3AS ¢*NSHI*NI*dIve v

(Gc+9)3Llum
(02¢9)311uym
(9G¢9)ailum
(0Z+9)31T19m
(SG*9)LIdMm
(CZ2¢9)3L148Mm
(PSeg)311uMm
(VEv9)311um
(0Z¢9)31Ium
(€EG*9)311uMm
(E€ce9)3LI UM
(02+¢9)3L1HM
(9H+9)3LIUM
(02+9)311um
(2G¢9)311um
(02*9)311um
(1Ge9)3L1HM
(02¢9)311um
(Cceg)3LIum
(2c*9)3llum
(02¢9)31L14M
(SHheo)y311um
(0Z+9)3Lldm
(PH49)33L15M
(Cz*o)3Llum
(E*v9)3L 1M

€61

261

06

PAGE No. 136




PWA-3302

PRATT & WHITNEY AIRCRAFT

(02*9)3114Mm

1SAS*4LTI3A 19 2HHYLISX HIMEGDIX S IIHdZM e 4D X v d2HT

CSAONY S WIME WO IX S INTHO WS Mo RDIX SINCH S WONT C WA TM W ITX s WO SMT
CWOSZXSWOHSOTIMIQTIXENZMeNZX rHEGNTME AN IX s dNZMednZXedoH (,L2¢5)AV3Y 09

162409 09(AVdON) J1

(dL1SAHS e X 1sgGHT e XL/ /) VYWHOL 2V

(HYLSXHG e XET ¢ WMHZ *XE T ¢ WOXHE 1
CXZ T dMHZ * XE T * dOXHE s XZ T *WONVHBE ¢ X T T ¢ gONVYHB ¢ X T T ¢ WAMHE ¢ X3/ /) I VYWHOS T

(WODXHBP ¢XT T *WOHHE X211

CAOMHE ¢ XZ T ¢ dOIXHE ¢ XT T sOHHE ¢ XZ T ¢ NMHZ ¢ XET ¢ NDOXHE ¢ XZ T *OHHZ*X9) LYWHOL ¥

(VUMNDHL ¢ X T T ¢UYSHIHDB S XT T e SUMNDHE ¢ XT [ *SSHIHP XS,/ /) IVWHOE 62

(WOXHE * X2 T *dOXHE ¢ XZT *ALIOXHE X T TS WIDXHP¢XT T8N IDXHY* XS/ /) IVWHO S 82

((G°0132)8)1VWH0Ld LZ

(LSASHB*XNT1 *d113AHS* XS/ /) LVWHO L 92
(1EHZ ¢ XCTe2EHZ ¢ X1 1+ 8V SXHST

CXTTCGIMHESXZ T ADIXHE X T T HIHHE ¢ X2 T ¢ HZMHE S XZ 1 ¢ dIZXHY ¢ XS/ /) LVWHOd G2
(dCHHE ¢ XZ 1 S IONVHE * X T T *WIMHE !

CXZTSWIIXHEEX TT S WIHHE S XZT $WZMHE ¢ XZ T ¢ WOZXHE ¢ X T T ¢ W2HHE ¢ X9/ /) LYWHOH £2
(WONUHBP X TTSWATMHE ¢ XTTsWOTXHY T

SXTTOSWOZMHE S X T TOSWOSXHB X T TSWOHHE S XZTSOTMHE S XZIPNIXHE*X9//)LVWHOS €2
(QOZMHE S XZT *DZXHE ¢ XEC T * OHHZ T

SXZT ¢ HOIMHEZ e XTI 8 HOIXHYP ¢ XT T e dOZMHE XTI ¢dNZXHD ¢ X T 18 dNHHE*X9) 1 VYWH0d 22

((S°*S13)8)LvwWH0d 12

(/7)y1vwWy04d 02
(AYAON* YYD YSHDESYMNDCSSHD) VO INILNOHENS

SAvd 3INEN0G OGNV IIONIS 204 SSANSLILS w4 Sv9 S1vINdIvD oL d3sN 3NILNodHENS

anN3
dols v2
€2vp2e?z (ANIY AL
INNITLINOCD 001
(664¢9)3LIYM
NIWNH*WYLI3* W30S *v1130Q*33Hd (02¢*9)3LI1dM
(6H+0)311uMm
(6C*o)3LIuMm G611

137

PAGE NO.



PWA-3302

PRATT & WHITNEY AIRCRAFT

1sds+zg+1€=218
d41aH/HCMa=HaMA

(dOZM-WnZM) +(dO

15305+ 417133

18¢28 ¢4V ISXedIMedDIX s dIHOGZM* dO2X

AZHSAONV S WIM P WD IX W IHSWZMS WOZX *IWZH

WONV WA ITM W T X ENN2ZMepnnZXspinHeNTITMeNTX

QzMenZXsOH AN TMsdN T XdNrZMedNZX tdNH

WOH-dOH=4410H
IM—-WoIm)=HAOMQ
2g*do2X=ddZX
Za*WOZX=WDZX
2a*xW02X=W02ZX
28%Cc2X=02X
26#402X=d0ZX
18#¥d21X=dD1X
TG#WDIX=WDIX
I8#WO TX=WOIX
Ig%01X=01X
19#d01X=d01X
oAy ndZm=dm
ZAYXWZM=WZM
IAvxdim=dim
oAV xWIM=WIm
2AY*0ZM=02M
ZOVHWOSM=WOSM
2AvedoIm=doCm
IDy#0IM=01M
IMUXWO ITM=WO T M
IMV*dCcIm=doIm
d113ax18=1>YV
d1713ax2g=2xv
(12+v9)3114um
(92+9)311um
(12¢9)311um
(Sze9)3arlum
(12v9)3114Mm
(v2+9)311um
(12¢9)3114M
(E2*9)3JL1umM
(1Z2¢c)3114m
(22*9)3114Mm

PAGE NO. 138




PWA-3302

PRATT & WHITNEY AIRCRAFT

G#d0DX=gd0 DX
8¥%¥02X=020X

SIVHWM=WM

SIv#dM=dm

AV WCM=WOM
Jy#dom=dom

JAV#0oMm=0M

d1713ax8=>v

di113d¢d (12¢9)3114Mm
(Zheg)ALlam

HVLEXCWMEWIX o AM S DX CWONY C 9ONV WM (12¢9) 3L T YM
(I vg)3LTum
WODX*WOHSANM e GODXdNH*OMEODX e NOH (124 9)3FLTYM

(Obe¢g)3LIum
d13G¢ G VLS X ¢ WM WOX T

CAM S DX S WONY ¢ dONV CWOM S WODIX ¢ WOHSINM e ANDX s dNH e M e nDIX e nH (L2+¢G)AV3H 162

002 041 09

VUMNDOUSHISSUMNDeSSHMD (12¢9)3118M

(62¢9)311um

WOX ¢ dIOX S GIDXSWLIDXen1DX (12¢9)3114M
(B82¢9)3L1uM

vAOXA%Z ITM+301OX*¥vAMG =YV DD

v4IvA/ (WDX-dDOX) =v(3OXQa

(WSM+WIMY /(WD I XKW IM+ (ADZX-218) xWZM ) =WIX
(dZM+dIM) / (dD IXxdIM+ (4D2X-218) xd2M)=dOX
vama=vsSMD

VAIWWA/ (WSM—dZM+WIM-dIm)=vama
WONV-dONVY=vdIVQ

HADXA%xZ2 IM-yOLOX*¥HAMO =SV D

HVLSX~01OX=840120X

HAIAH/ (WLDX~d1OX) =H3DOXd

(d0ZM+dOTIM) / (dDIX%drTM+(d0ZX-218)xdn2M) =d1OX
(WOZM+WOTIM) /(WO T X%WNIM+ (WOZX-218)%WnSm) =wlOX
ZIM/(0IX®NDTIM+(NZX~-2T8)*¥NZM)=01IX
0ZM+CIM=21IM

HAMO =SS D

paGE NO. 139



PWA-3302

PRATT & WHITNEY AIRCRAFT

anN3

NaN 13y
INNTLINOD
VUMD VSHDESUMDESSHD (1Z¢9)3L11dm
(62+9)3Llum
NMxVADIXT+0LOX*¥yAOMa=VVD
(WONV-dONY) / (WOX-dDX)=vadxd
OMEHADIXA=NLOX*HOMA =SV D
(WOH—-drH) / (W0ODX~-d0DX)=HADXJa
UV LSX-NDOX=0120X
vamag=vSiD
{WONV—AONV) / (WM—dm) =vaMma
HAMA=SSMD
(WOH—-AOH) / (dOM—WOM) =HAMA
GxWOX=WDX
Gxd2OX=d2X
¥ WO DX =W0 DX

oo<c

rpace No. 140




PRATT & WHITNEY AIRCRAFT PWA'3302

APPENDIX B

THERMAL ANALYSIS

The methods of thermal analysis presented in this Appendix were used to determine the
temperature distributions in the OC diaphragm seal and the semirigid seal. For the sake of
clarity the analysis is discussed under the three headings:

1. The Temperature Distribution by Numerical Methods
2. Heat Generation
3. Surface Coefficients for Convective Heat Transfer

For all calculations, steady-state cruise conditions were assumed.
1. THE TEMPERATURE DISTRIBUTION BY NUMERICAL METHODS

The circumferential symmetry of the seal assemblies made a corresponding symmetry as-
sumption for the temperature distribution possible. Consequently, the thermal analysis was
simplified to that for a two-dimensional system.

The seal assemblies were broken down into a number of contiguous orthogonal subvolumes
each of a shape suited to the requirements of local temperature information and the over-all
geometry. The accuracy of the thermal maps computed depends on the small size of these
subvolumes. As, however, the time taken to compute one thermal map for a particular con-
figuration depends also on the number of subvolumes, a compromise had to be reached
during the design stage to limit their number. Each subvolume contains one nodal point at
which the temperature is determined. Details of nodal point numbers and locations are
given in the appropriate sections for the seals.

The determination of the temperatures at the nodal points in the seal assemblies was carried
out by conventional methods of thermal network theory. The physical basis of these
methods is the analogy to Kirchhoff’s first law for electrical circuits. This states that under
steady-state conditions, the algebraic sum of heat flows into a junction point (nodal point)
of the network is zero. As steady state conditions were postulated, the heat flow for each
internal or surface nodal point by conduction and by convection is given by

2z q. = 0%

i i
Because no very large temperature differences existed across gaps between working elements

of the seal assembly, heat exchange by radiation was considered to be negligible. The heat
flows between adjacent nodal points is given by

Ar
R,

*The symbols are identified in the Nomenclature

Ap =
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where the local conductive resistances have the form

L
R - —_—
kA
and the convective resistances
1
R=—
hA

The scheme used for setting up the equations describing heat flow to the nodal points by
convection and conduction only is illustrated by specific examples.

If the nodal point (i,}) is an interior point and heat transfer is by conduction only through
the material which has a uniform thermal conductivity k, the thermal network is represented
by the diagram shown in Figure 55.

Ti—r 1

Figure 55 Thermal Network for Internal and Surface Nodal Points

The basic equation for heat flow in Figure 55 is

T -r.. T, .-T.. T . -T.. T _ .-T

i, j+1 i itl,j i, j i, j-1 i, i-1,j i, j
+

i, jt le=—ei, j it1, j=i,j i, j-1=—wi, j i-1, j=i, j

L
and each R is equal to the appropriate A

If two nodal points, say (i-1, j) and (i, j), are located in two adjacent materials with thermal
conductivities k, and k, then
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where L+ L, is equal to the total length of the pad between (i-1, j) and (i, j).

If the nodal point (i, j) is a surface point, then heat exchange with the adjacent air is by con-
vection. Thus, if (i, j) lies on the surface and (i, j+1) lies in the air, then

1

bitl—~i, i F

If nodal point (i, j) is an interior point but the subvolume bounds on a surface with air
adjacent to it, then for example

1 L
Ri,j+1——i,j —H_A+H

Nodal points in subvolumes in the air film are treated similarly, except that there is b

transfer by mass flow and by heat generation due to shearing. Heat transferred by mass
flow is calculated from

q, = mncpAT

The heat generated in each subvolume is denoted by q . ... Details of its determination are

discussed below. Nodal points in the air film are located midway between the adjacent
working surfaces.

Determination of the gap Reynolds number indicated that flow was laminar. Consequently
the heat transfer across the gap was calculated as by pure conduction. The thermal network
for each nodal point in the film is shown in Figure 56.

g+ 1% T.,J'+1

o
ANYANNNN
3

T .
-1, Ay

i+ 1) i

SONONNNAONNNNNND
x

NNNNN\N

mi, i % T,

Figure 56  Thermal Network for Nodal Points in the Gap between Seal and Seal Plate
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The mass flow rates of air through the gap are calculated in Section IB of this report. The
basic equation for heat flow is

i1, iy i-1, i.j+... + T + T T 0
QG T my ey Cp b gey T M0 ha =6 hiy T

i+1,j—=1i,j R
where
m . = m + m

i, i, jt1 a

The term m,c, T, represents heat transferred to (i, j) by air flow from an external supply
such as through an air port.

The physical properties of air at 1200°F used in the thermal analysis are

Thermal conductivity k = 0.037 BTU/hr-ft>-°F/ft
Absolute viscosity ¢ = 0.0955 Ib/hr/ft
Specific heat at constant pressure ¢ = 0.269 BTU/Ib-°F

=]
]

Prandtl number 0.6975

2. HEAT GENERATION

If the velocity profile in the gap between seal and seal plate in the axial direction is linear

o0U/oh = U/h

The shear force is consequently F = uA U/h, and the heat generated is
q = FU/J. Thus, for an air-film subvolume with an area of 7.75 inZ on the seal and
seal plate surfaces, the heat generation is

ons

0.0955 x 7.75 x 850 x 850
4, 12 x 32.2 x 0.001 x 778

~ 1780 BTU/hr.

if the gap is 0.001 inch, the surface velocity is 850 ft/sec and the air viscosity is 0.0955
1b/hr-ft.
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In the spiral-groove orifice configuration, the groove depths are deemed to be so small that
for purposes of these calculations they can be neglected. The heat generation in the sub-
volumes adjacent to the grooved surfaces of the seal are therefore also calculated as outlined
above. The heat generation for the shrouded Rayleigh pad design is calculated taking into
account the area covered by recesses and the recess depth.

3. SURFACE COEFFICIENTS FOR CONVECTIVE HEAT TRANSFER

For a number of the surfaces, the geometrics were similar enough to older seals that the
coefficients for convective heat transfer could be based on experience. Thus, for example, on
the back of the runner the values of i = 52 BTU/hr-ft2-°F at the larger diameters and h =

42 BTU/hr-ft2-°F were used. Over other surfaces, this experience factor was not available,
and coefficients for those surfaces were therefore calculated from dimensionless expressions
available in the heat-transfer literature. It is realized that these expressions apply more
directly to the simpler geometries for which they were obtained, but in the absence of more
precise information they were accepted as at least reasonably realistic for the seal geometries
analyzed. The details of the expressions used are given below.

a. HORIZONTAL ROTATING CYLINDER WITH NO CLOSE OBSTRUCTIONS

For turbulent flow (i.e. for Re > 15000) the dimensionless equation is

Nu = 0.073 Re®?
The Nusselt number is

Nu = hD/k
and the rotational Reynolds number is

Re = wD?%p/2u

Thus, for the end seal at cruise conditions, the Reynolds Number is 1.172 x 107 and the
surface coefficient is h = 100 BTU/hr-ft2- °F if the runner is unobstructed over its perimeter.

b. CYLINDER ROTATING WITH A CONCENTRIC TUBE WITH SMALL AXIAL FLOW

For conditions above critical flow (i.e. for Ta > 90) the dimensionless equation is
Nu = 0.350 Nu_ Ta®®

The Nusselt number is

Nu = hd/k
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The Nusselt number for pure conduction is

d
L
Nu =
¢ d
In(1+—)
L
The Reynolds number is
Re = riwdp/u

and the Taylor number is

d 0.5
Ta = Re (—)
ri

For small radial clearances between the cylinder and the tube, the Nusselt number for pure
conduction approaches unity. Thus, if it is assumed that the runner-to-compressor casing
clearance is 0.25 inch, the Reynolds number is

Re = 1.15x 10°,
the corresponding Taylor Number is
Ta = 1.52 x 104,
the Nusselt number for pure condition is
Nuc ~ 1,

and the surface coefficient of convective heat transfer is
h =75 BTU/hr-ft>-°F

c. ROTATING DISC WITH A CENTRAL HOLE WHICH ROTATES NEAR A
STATIONARY WALL

For turbulent flow (i.e. Re >3.1 x 10%) the dimensionless equation is

I. 0.5 s 0.1
Nu = 0.0149 Pr!/3 Re®8 [1 +<—') ] (—)
1.) rO
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The Nusselt number is

Nu = Ero/k
The Prandtl number is
Pr = c_p/k
P
and the Reynolds number is
Re = wproz/u

As an example, the low-pressure face of the runner adjacent to the seal is considered. Here
Re = 6.87 x 104, so the flow is turbulent, and Nu= 1238. The surface coefficient h = 41
BTU/hr-ft2-°F. Flow is greatly restricted, however, by the drum-like flange of the runner
and the surface coefficient of convective heat transfer was therefore estimated as h = 24
BTU/hr-ft2-°F.

d. CHANNEL FLOW

For laminar flow the dimensionless expression is
Nu = ht/k = 3.75

The Reynolds number of flow over the convex surface of the C-spring, for example, is 1200
and the surface coefficient is

h = 3 BTU/hr-{t?-°F

e. SURFACES ON THE SEALS EXPOSED TO LITTLE OR NO FLOW

Surface coefficients for convective heat transfer over seal surfaces which are sheltered from
windage effects of the runner could not be calculated, and estimates based on the expected
circulation were made. Thus, for the back surfaces of the seals, essentially stagnant condi-
tions were assumed, the surface coefficient h = 2 BTU/hr-ft2-°F. For surfaces closer to the
runner, larger coefficients were assumed, for example h = 4 BTU/hr-ft2-°F over the recessed
portion of the outer diameter of the semirigid seal.

The estimates of circulation and surface coefficients were more difficult, for example, in the
space bounded by the semirigid seal, the piston ring and the compressor casing. The values
of the surface coefficient were assumed here to vary from h = 10 BTU/hr-ft2-°F toh = 2
BTU/hr-ft2-°F depending on how much the circulation had been attenuated over the surface
considered.
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4. NOMENCLATURE

A area (in?)

D diameter (in.)

F force (to shear air film) (Ib)

] mechanical equivalent of heat (ft-lb/BTU)
L length dimension, total distance between nodal points, (in.)
R thermal resistance (hr®F/BTU)

T temperature (°F)

U runner surface velocity (ft/sec)

a,i,j, L,m,n indices

b thickness (inches)

<, specific heat (BTU/Ib °F)

d radial clearance (inches)

gap between seal and runner (inches)

h mean surface coefficient of convective heat transfer (BTU/hr ft* °F)
k thermal conductivity (BTU/hr ft °F)

m mass flow rate (1b/hr)

q heat flux (BTU/hr)

q volumetric heat generation (BTU/hr/subvolume)

T radius (in)

I, inner radius (in)

r, outer radius (in)

s mean axial gap between rotor and stationary part (in)

t channel depth (distance between bounding walls) (in)
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APPENDIX C

OC DIAPHRAGM END SEAL

TASK I THERMAL CALCULATIONS

1. INTRODUCTION

The design which is analyzed in this Appendix is shown in Figure 1. Other conditions which
define the design are listed below.

Core ambient temperature 1136°F

Outer ambient temperature 1200°F

Supply flow 10 x 10-4 1b/sec-in
Vent flow 8.4 x 10-4 1b/sec-in
Conductivity of rotating element (inco 901) 11.2 BTU/hr-ft-°F
Conductivity of stationary element (Inco 750) 11.9 BTU/hr-ft-°F
‘Rotational speed 4.4 x 105 rev/hr
Average seal radius 13.5 inches

For the temperature calculations, all surface heat-transfer coefficients were derived from the
calculations discussed in Appendix B. The seal clearances which are used for the heat genera-
tion and admittance calculations take into account the relative areas of the land and recess
regions. Also, the effect of flow through the piston ring seal is included.

The results of the calculations are shown in Figure 57 in the form of a steady-state tempera-
ture map of the OC diaphragm end seal.

2. ANALYSIS

a. HEAT GENERATION

Heat generation in the seal clearance is calculated using the equation for a rotating disk and
stationary wall, and a linear velocity profile due to rotation.

R3¢ ,
q = 0.318 ——b- N*u

where = heat generation (BTU/hr)
mean radius of the element (ft)
= radial length of the element (ft)
axial clearance (ft)

= rotational speed (rev/hr)

= dynamic viscosity (Ibs-hr/ft?)

r Zo oFo
I}

For gas nodes 73 and 77 in the seal clearance, the value of the axial clearance “b” is ob-
tained by taking the area-weighted average of the clearances of the land and recess. The
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nodal network used is shown in Figure 58. The area loss due to the presence of supply and
vent holes is neglected.

In all cases

N = 4.4x 105 (rev/hr)

and M= 229x1010 (Ib-hr/ft?)
so that N2u = 444
and R3Q
q = 14.1( 5 ) (70)

For nodes 73 and 77, Equation 70 is rewritten

Ag 1A
Q = 141 R¢|— —+———>
A, by A Db

where the subscripts €, r, and t refer to the land, recess and added properties. The heat
generation for nodes 73 through 78 is tabulated in Table XVI.

TABLE XVI
HEAT GENERATION
e
Radius  Radial Axial Axial a Z ' Generation
Mean Length Clearance Clearance _Q i q
Node R (ft) L (ft) by (ft) b, (ft) A, A, (Btu/hr)
73 1.17 0.0208 8.35x10-5  2.71x10* 0.62 0.38 4170
74 1.15 0.0208 8.35x10-5 0.0 1.0 0.0 5350
75 1.13 0.0250 1.46x10-* 0.0 1.0 0.0 340
76 1.11 0.0067 8.35x105 0.0 1.0 0.0 1510
77 1.09 0.0278 8.34x10-5  1.875x10™* 0.47 0.53 1390
78 1.07 0.0067 8.35x10° 0.0 1.0 0.0 4300

TOTAL 17060
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b. HEAT TRANSFER COEFFICIENTS

(1) Seal Clearances

Pure conduction (k = 0.037 Btu/hr-ft-°F) is assumed across the seal clearances at nodes 73 to
78 inclusive. The width of the clearance used in these calculations is the area-weighted
average of the clearances at the land and recess. The quantity “b” is tabulated in Table XVII.

_ Agbg * Ab,
A

t

b

TABLE XVII

WEIGHTED AXIAL CLEARANCE

Areg Are? Land Recess Weighted
Ratio Ratio . . .

A A Axial Axial Axial

L r Clearance Clearance Clearance
Node A, A, by (in) b, (in) b (in)
73 0.62 0.38 0.0010 0.00325 0.0018
74 1.0° 0.0 0.0010 0.0 0.0010
75 1.0 0.0 0.0175 0.0 0.0175
76 1.0 0.0 0.0010 0.0 0.0010
77 0.47 0.53 0.0010 0.00225 0.0017
78 1.0 0.0 0.0010 0.0 0.0010

(2) Piston Ring Clearance

The average clearance at the piston ring (between metal nodes 7 and 6) is calculated using
the same method which is used at the seal clearances. In this case

b = 0.125(0.0005) + 0.875(0.001) = 0.00098 inch

(3) Vent and Supply Holes

The total vent flow is

w = 8.4x 10* Ib/sec-in

so that using an average radius of 13.5 inches, and assuming 154 vent holes, the amount of
flow per hole is

_ 8.4x 104 (13.5)
v 154

w = 4.63 x 10-4 1b/sec
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The Reynold’s number for pipe flow in any one hole is

pVD  pw, 4w, D 4w,
Re = = D = =
M PA aD2u  quD
where
D= 0.125/12 = 1.04 x 10-2 ft
p = 2.4x 1072 Ib/ft3
u = 2.65x 105 Ib/sec.ft
so that

Re = 2140 (low transition range)

Forlaminar conditions, the Graetz chart (which includes entrance effects for a sharp-edged
sudden contraction) yields a mean film coefficient of h = 60 BTU/hr-ft-°F).

For the supply flow of

1]

w

10 x 104 1b/sec-in
at 13.5 (in) and 77 holes, the flow per hole yields a Reynolds number of 5100 (mid-
transition). Using a Latzko connection factor for entrance effects and the Colburn-Reynolds

type equation for turbulent pipe flow, the mean film coefficient is h = 110 BTU/hr-ft2-°F).

c. ADMITTANCE MATRIX

The heat transfer areas between the vent and supply holes and the metal (nodes 13, 14, 15)
are summarized in the following tabulation.

Area/Node (ft?)

Node A, (Area/hole node) (ft?) A, = 154A, A = T7A,
13 4.85x 10 7.47 x 102 3.74x 102
14 6.23 x 10°* 9.60 x 102 4.80x 102
15 6.92x 10°* 10.65 x 102 5.33x 102

TOTAL 17.97 x 10°¢

Using the film coefficients of 60 and 110 for the vent and supply holes respectively, the
admittances for nodes 13, 14, 15 are summarized in the following tabulation.
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Node A (ft?) h, (Btu/hr-ft>-°F)Y_(Btu/hr-°F)

PWA-3302

A h

S S

Y

S

13 7.47x 102
14 9.6x 102
15 10.65x 10

Thus,

Nodes

13/82
Vent 14/82
15/82

13/83
Supply 14/83
15/83

60 4.48
60 5.76
60 6.38

3.74x 102 110
4.8x10? 110
5.33x 102 110

Admittance Y (Btu/hr°F)

4.5
5.8
6.4

4.1
5.3
5.9

4.12
5.28
5.87

All other admittances are computed using MTI Program PN0O317. The pertinent input and

output data are included as Tables XVIII and XIX.

d. HEAT BALANCE EQUATIONS

(1) Heat Exchanger

The region which is represented by metal nodes 13, 14, 15 is a complex heat transfer net-
work. In this region, the 77 supply holes exchange heat with the 154 vent holes by forced
convection, and by conduction through the metal. This is shown in the model given in
Figure 59. The way in which the nodes of the model are connected to construct the heat
balance equations is shown in the flow chart at the bottom of the same figure. Figure 60
shows the connection between this flow chart and the over-all fluid network for the end

seal heat-balance calculation.
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W, = 8.4 x 104

Figure 59
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Figure 60 Flow Chart of the Entire Fluid Heat Transfer Path for the OC Diaphragm
End Seal

(2) Flow Terms

A summary of the flow terms which are required in the heat balance equations are tabulated

below.
we,,
Flow Flow w (BTU/hr)**

Nodes (Ib/sec-in x 10*) - (Ib/hr)* °F
79/73 1.7 51 : 13.8
73/74 1.7 51 13.8
79/74 1.7 51 13.8
74/75 34 102 27.6
79/83 10.0 300 81.0
83/85 10.0 300 81.0
85/77 10.0 300 81.0

* w(lb/hr) = 3.105 w (Ib/sec-in) at a radius of 13.5 inches
** ¢, =0.27 (BTU/Ib-"F) at 1200°F
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77/78
78/80

77/76
76/75

75/84
84/82
82/80

79/81
81/80

(3) Heat Balance Matrix

5.0
5.0

5.0
5.0

8.4
8.4
8.4

150
150

150
150

252
252
252

28.6
28.6

40.5
40.5

40.5
40.5

68.0
68.0
68.0

7.7
7.7

PWA-3302

The over-all heat balance is obtained using MTI program PNOO60 (READ 1). The defined
temperatures in the 86 x 86 matrix inversion are:

1120°F
1136°F
1200°F
1136°F
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APPENDIX D

TEMPERATURE ANALYSIS OF THE SEMIRIGID
INTERSTAGE SEAL

1. INTRODUCTION

The semirigid interstage seal design which is used in the temperature calculations is shown in
Figure 2. Pertinent design parameters for this configuration are listed below.

Orifice supply flow 8.68 x 1075 1b/sec-in
Main supply flow 9.02 x 10°5 Ib/sec-in
Seal conductivity (Duranickle) 25.0 BTU/hr-ft°F
Runner conductivity (Inco 901) 11.2 BTU/hr-°F
Carrier conductivity (Inco 750) 11.8 BTU/hr-ft°F
Rotational speed 4.4 x 10° rev/hr
Mean radius of the seal 14.3 inches

The results of the calculations are shown in Figure 41 in the form of a steady-state tempera-
ture map of the semirigid interstage seal.

2. ANALYSIS

a. HEAT GENERATION

Heat is generated in the seal clearance by both Couette and turbulent action according to
Reference 9. In the calculations which follow, it is initially assumed that the seal has under-
gone a 3-milliradian counterclockwise tilt with respect to the runner. This is the free-body
tilt which would result if the seal were subjected to a linear axial temperature gradient of
about 23 degrees Fahrenheit along its axial dimension. The mean operating film thickness
which corresponds to this amount of tilt is 1.6 mils. The reason for making the assumption
of an initial tilt is to compute realistic values of heat generation, thermal resistance across

the seal clearance, and seal flow. The table below gives the dimensions used for Nodes 58-61.

b R Q b b, Ag A, < B?u )
Node  (mils) (in) (mils) (mils) (mils) A, A, hr
58 1.60 1449 100 216  4.41 62 38 2220
59 1.60 1437 140 1.79  4.04 62 38 3131
60 .60 1423 130 1.37 0.0 1.00 0.0 2974
61 .60 14.10 130 1.00 0.0 1.00 0.0 3094

TOTAL 11419
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Here nodes 58 and 59 are for the land and groove and nodes 60 and 61 are for the orifice
regions. Also, it is assumed that the average recess depth is 2.25 mils.

Heat generation for the turbulent region (Node 57) is computed using Reference 9 for
merged turbulent boundary layers. A value of 2144 BTU/hr was obtained, raising the
total amount of heat generation to 13,503 BTU/hr.

b. HEAT-TRANSFER COEFFICIENTS

(1) Seal Clearances

Equivalent heat-transfer coefficients, which correspond to pure conduction across Nodes
58-61 are calculated using a gas conductivity of 0.037 BTU/hr-ft-OF. The total seal clear-
ance at each node is computed assuming the 2 milliradian tilt discussed above, and is modi-
fied according to the relative amounts of land and recess areas present. The results are tab-
ulated below based on the equation of the weighted clearance.

b = (AQ bQ + Ar br)/At

bQ br AQ Ar b hequiv

Node (mils) (mils) A, A, (mils) (BTU/hr-ft2-°F)
58 1.73 3.98 .62 .38 2.58 340
59 1.49 3.74 .62 .38 2.34 380
60 1.21 0.0 1.00 0.0 1.21 730
61 0.95 0.0 1.00 0.0 0.95 930

For Node 57, a forced convection value of h = 130 BTU/hr-ft? - °F was obtained from
Reference 9, assuming a clearance of 60 mils.

(2) Supply Holes
There are 360 supply holes which pass through the seal. These carry the total supply flow
of 9.02 x 107 Ib/sec-in to the orifice region. Using a mean radius of 14.3 inches, this gives
a flow of 4.64 1b/hr and a value, for each hole, of

w = 1.29 x 1072 Ib/hr

Using a gas viscosity of u = 9.7 x 10°21b/hr-ft, the approximate Reynold’s numbers for this
flow, as it passes through the seal are

PAaGce No. |80
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Re = 4w 0.169

Nodes © wuD D
9,6,16 25
22 51
24 82

The corresponding surface heat-transfer coefficients for these low laminar conditions are
calculated from Nu = 4, or

F= 4
D
Nodes h (BTU/hr ft2 °F)
9.6, 16 2
22 45
24 71

Because these h values are quite low (equivalent to about 4 to 12 inches of metal), the film
resistance is large, compared to the resistance due to conduction between holes. The metal
conduction resistance between holes is therefore neglected in all further calculations.

c. ADMITTANCE MATRIX

The admittance between the flow in the supply holes and the seal is calculated below. In
the tabulation below, the values of hole diameter D, length £, area A, and coefficient h are
the values for a single hole. The value of admittance Y is for the combination of 360 holes.

D L A h Y =360 hA

Node (ft) (ft) (ft?) BTU/hr-ft2-°F BTU/hr-°F
9,16,16 6.83x 103 0.12 2.14x10* 22 1.8
22 333x 103 0.18 1.57x 104 45 2.5
24 208x 103  0.06 327x1053 71 0.7

For the heat-balance calculations, Nodes 9, 16, 16 are connected to gas node 63. Nodes 22,
24 are connected to gas node 64. All other admittances are calculated using MTI computer
program PNO317. Input and output data are shown in Tables XX and XXI, respectively.
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d. HEAT BALANCE EQUATIONS

(1) Defined Temperatures

Temperatures are defined at Nodes 52, 53, 54, 55, 56, and 62 as follows:

T,, = 1100°F
T,, = 1180°F
T, = T, = T, =T,, = 1200°F

The value for Node 52 is believed to be a reasonable estimate based on previous calculations.

(2) Flow Terms

A summary of flow terms which are used in the heat balance equations are tabulated below.

105 x Flow Flow* w Cp**
Nodes (1b/sec-in) (1b/hr) (BTU/hr-°F)
62/57 8.68 28.1 7.58
57/58 8.68 28.1 7.58
58/59 8.68 28.1 7.58
59/60 8.68 28.1 7.58
60/61 8.68 28.1 7.58
62/63 9.02 29.2 7.88
63/64 9.02 29.2 7.88
64/61 9.02 29.2 7.88
61/53 17.7 57.3 15.46

* Mean radius assumed to be 14.3 inches
bk ¢ = 0.27 BTU/1b-OF at 1200°F
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APPENDIX E

STIFFNESS AND DISPLACEMENT CALCULATIONS
FOR COMPOSITE THIN RINGS

1. INTRODUCTION

The analyses which follow apply to small rotations of thin rings which do not change cross-
sectional shape during rotation. These conditions are reasonably satisfied if the sine of the
rotation angle is approximately equal to the rotation angle (in radians), the over-all radial
length of the cross section is less than 10 percent of the radius of the centroid, and the cross
section is compact. The analysis is in three parts: rotation stiffness of a ring for a prescribed
center of rotation, rotation of a two-section ring for prescribed values of initial radial and
angular mismatch, and thermal distortion of a two-section ring.

2. ANALYSIS

a. ROTATIONAL STIFFNESS FOR A PRESCRIBED CENTER OF ROTATION

(1) Hoop Stress and Force

Referring to Figure 61, the prescribed center of rotation is at C, and the rotation is §. As
point A moves to point B, a hoop strain € is developed.

X X
€ T — X —
r a

CcL X

C
_! ( )A/ XX  Line which passes through both
' ‘\; the ring center line and the

centroid C and, which lies in a
plane parallel to the plane of
the ring,

x X X Line which passes through
both the ring center line and
the center of rotation C; and,
- a P which Hesina p!ane.pamllel
to the plane of the ring.

Figure 61 Rotation of the Cross Section of a Ring Around a Prescribed Center of
Rotation
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where, from geometry

X Yy
6 R
or X = y0 ‘
|
so that e=iq_
a

The corresponding hoop stress at any point in the cross section is therefore

E
0 = Ee = —90 (71)
a

The corresponding net hoop force over the cross section A is

E¢ Ey A6
F = fodA = —f ydA = y (1b)
a A a

A

where y is the distance measured from a line X'X'. Line X'X'is defined to be in a plane
parallel to the plane of the ring and to pass through the center of rotation C,.

Also, VA is the first moment of area of cross section A with respect to line X'X', and a line
XX which passes through the centroid C of the cross section.

(2) Moment Due to Hoop Stress

The moment around line X' X'of the forces due to the hoop stress o is (from Figure 61)

M = f(odA)y (in-1b) (72)
A
combining Equations 71 and 72,
Ey0 E6
M = f_y_ (dA)y = — .[ysz = El6 (73)
A 2 a A a

where | is the second moment of area of A with respect to line X'X'.
(3) Equilibrium
Suppose that the prescribed rotation is caused by a uniformly distributed moment M (in-lb/

in) only. Consider half of the ring (as shown in Figurc 62) as a free body. Then for
equilibrium
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2
2M = 2_[ M, (bsin¢) d¢ (74)

or M === (75)

Next, suppose that from geometry, the motion of the cross section is written in terms of an
outward radial motion x,, of the centroid plus a rotation 6 around the centroid

6 =20 (76)

C

X yo 77

[

Consider first the moment My required only to produce 6, around the centroid.

From Equation 75 and 76

M—EIO-EIG (78
6 ab ¢ ab )

9\
AN
a/ &‘ My (in. Ib/in)

s I,
fa /5¢ ;
\wi

p =i

Figure 62  Free-Body Diagram of One Half of a Ring
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but, because the rotation is defined to be around the centroid (which has the radius a),
b=a (79)
Also, the line X'X' coincides with line XX, so thaty = 0.

But I = T+ Ay? (80)
where T is the second moment of area of A with respect to line XX
so that combining Equations 78, 79, and 80 withy = 0,

2
a

Note that this moment could be applied anywhere in the plane of the cross section as long as
its radius is equal to a.

Next, from geometry

2

[

m|a

but €

Q_ (1b/in)

s

l F(ib)

Figure 63  Free-Body Diagram of One Half of a Ring with a Uniform Radial Force (Q,)
Applied Outward through the Centroid

F(lb)

—L‘———
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where F (net hoop force over the cross section) is the force required to produce the outward
motion of the centroid, i.e.

AE
F =—x (82)
a
For equilibrium (see Figure 63),
LS
f 2
2F =2 Q, (asing) d¢ (83)
0
so that combining Equations 82 and 83
F
Q =7 (84)

Note that the combined moment (of Mg and Q_) around any other point of rotation, say
C, =C, would be

M, = My +Q 7 (85)

where ¥ is the perpendicular distance from the line of action of Q, to a parallel line through
C.. Using Equations 77, 82 and 84, Equation 85 can be rewritten

ET _(AE\_ E6 -  _
Mo=—9+y<——>y0=—(I+Ay2)
a2 a a2
Ef
or M0=—I
a2

which checks with Equation 75.
Finally, suppose that a pure moment is applied to the ring, i.e.

M M

o o

0

Q

[o]

The last eqution indicates that the net hoop force over the cross section is zero, so that from
Equation 81, the radial displacement of the centroid must be zero. This can be true if and

L Y

only if the center of rotation coincides with the centroid.
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b. TWO-SECTION THIN RING WITH PRESCRIBED INITIAL RADIAL AND
ANGULAR MISMATCH

The composite ring shown in Figure 64 is assumed to consist of two sections (1 and 2) which
are mismatched due to thermal distortion by the radial displacement x and rotation 8. (See
Section c). It is desired to find the equilibrium angle 6 | of the composite ring.

For compatibility of displacement and rotation,

X =X, - X, (86)

6=0 -0, (87)

TEN |

YY = LINE THROUGH THE AXIAL CENTER OF THE CYLINDRICAL SURFACE OF
INTERACTION OF THE TWO SECTIONS.

Figure 64 Mismatch Conditions for a Two-Section Ring
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From Equations 82 and 84, the radial forces required to displace the centroids of sections 1
and 2 by the amounts x, and x, are:

AE
Q, =——x, (88)
a2
1
ALE
Q, = X2 (89)
a2

For equilibrium

so that from Equations 88 and 89,

—x, t—x, =0 (90)

>
1
»

-a,%A, 1

2 2
a2Al + alAZ

—

so that, substituting x, and x, back into Equations 88 and 89

EAlA2
Q = 2 2 X
azAl + alA2
(91)
EAlA2

2 2
azAl + alA2

These are the forces which are required, if applied at the centroids of sections 1 and 2, to
close the initial mismatch x.
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The elastic forces which oppose the forces Q, and Q, form a couple M which causes a
rotation 6 .

Mx = Qlyo (92)

wherey =% (y, +vy,). The value of y_ is taken to be positive if the centroids of sections 1
and 2 are to the left and right, respectively, of the interaction line YY in Figure 64.

Thus, combining Equations 91 and 92,
Mx - EyoAlA2 X
2 2
aZAl + al A2
so that from Equations 80 and 81,
2 a’y A A,

Mx = - X
2 2
l(a2Al + alAz)

o

0 =

.- (93)

Sl

The moments required to close the mismatch rotation 6 between sections 1 and 2 are (from

Equation 75)
El,
M = 0, (94)
2
a
1
El,
M, = = 0, (95)

For equilibrium

1 2
so that from Equations 94 and 95
I I
—6, +—0, = 0 (96)
2 2
al a2
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Solving Equations 87 and 96 simultaneously,
a?l
0 = L (97)
Colan o+ e
a2 1 al 2
a’l
6, = - : ! 9 (98)
a1, +all
If 0l * is the initial angle of section 1, the final angle caused by the moments M and M, is
Oy = (0, +0) =(0,*+0)) 99)
so that, combining Equations 99 and 97 or 98,
a?l a2l
3=g*+_i_g=3*__2—19 (100)
oL N o+ *olar +
271 172 271 12

With respect to a perpendicular to the plane of

the ring, the final angle 6  due to the initial

mismatch (x, 8) is obtained by adding Equations 93 and 100.

a’y A A, a’l
6, =06, + 0y =— > x + 6+ 6 *
I (32 At 2 A,) all, + a’l,
. ~ ~ a2
or if al ~ a2 > a
v A A I
6, ==l x +—— 0 + 0 * (101)
T(A, +4A) I +1
y0A1'1X2 ll
or 0 =——""—X - g +0,* (102)
o T(A, tA,) I +1
But I +1, =1
A, +A,=A
so that Equations 101 and 102 can be rewritten
A Ay
1°°270
—_A— x t 12' , 0
0, = 91,*2 + 1
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NOMENCLATURE

A Defined by (A;+ A,)

AL, Cross-Section areas of sections 1 and 2 (in?)

C Combined centroid of the two-section ring

Cy, Centroids of A ,

E Elastic Modulus (psi)

T Second moment of A with respect to a line which both passes through C
and the ring center line, and is parallel to the plane of the ring (in%).
Defined by (I, +1,)

| 12 Second moments of A ] 2with respect to a line which both passes through
C and the ring center line, and is parrallel to the plane of the ring (in*).

M5 Uniformly distributed moments which are required on sections 1 and 2 to
close the mismatch rotation  (in lb/in)

Mx Uniformly distributed moment which is produced by radial forces Q 1.2
and the lever arm y,, (in Ib/in)

Q.5 Uniformly distributed radially outward forces required to produce cen-
troid displacements x 2(lb/in)

YY Interaction line (Figure 4). A line, perpendicular to the ring center line,
which defines the axial center of the cylindrical surface of interaction
between sections | and 2.

a), Radii of the centroids C,, C,, of sections 1 and 2 (in)

h Radial heights of sections 1 and 2 (in)

Y/ 12 Axial lengths of sections 1 and 2 (in)

X Total radial mismatch of free body sections 1 and 2 defined by (x, — xg )

X1, Radial displacements of C , , from their initial (free body) positions to
their positions at final equilibrium. Positive radially outward (in)

Yo Defined by + (y, +y,). Use (+)if C|, C,are to the left and right, respec-

tively, of the interaction line YY (in). Use (—) for the reversed positions.
See Figure 4.
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NOMENCLATURE (Cont’d)

Vi, Distance measured axially from C, , to the interaction line YY (in).
0 Initial angular mismatch between free body sections 1 and 2. Defined by
6, , Rotations from their initial (free body) positions ( 8, *, 8, *) to their

positions at final equilibrium. Positive counterclockwise (radians)

0x The portion of 6, which is caused by the moment M, (radians)
0y The portion of g which is caused by moments M 12 (radians)
] Final equilibrium angle which the complete ring makes with the ring

center line (radians). Defined by ( g, + 6,), positive counterclockwise.
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c. THERMAL DISTORTION OF A TWO-SECTION RING

Suppose that a two-section ring as shown in Figure 65 has linear axial temperature gradients
G,, G, in the two sections. For a uniform coefficient of thermal expansion in the ring, the
free-body angular positions of the two sections are

0. *=aaG (103)

0.*=aaG (104)

650*-0*=aa(G2-G1)

where a = radius of the combined centroid C (in)

Next, the values of initial radial position of section 1 and 2 are expressed by x, * and xz*
below

x*=aa(f1-T)

o]

x,*=aa ("_l"2 -T,))
where T = initial uniform temperature of the ring, °F
-T_l’ , = average temperatures of the two sections, °F
so that x =x,*-x*=aaAT
where AT= (Tz - —fl)

and the value of x, is taken to be positive if AT tends to cause a clearance. The value of xg
is

= h, h,
Xg = X1 T Xp, E[9|*<y1 '_4-01*) + 0, (y2'702*>

where values of 6 *, 6,* are given by Equations 103 and 104. The value of x is positive if
the centroids C, and C, are to the left and right, respectively, of the interaction line YY.

The initial radial mismatch x is
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e 'B _

2

: //"ﬁ
[+4 TA

W .

Q.

: Tof |
w

L 0

5T\ 1 ]

| INITIAL POSITION

|

CL

Radial Growths 6, =Xaa (TB - To)

5. & 5. .5
Angle of Rotation 6 = tan“( i ; A ) ~ P - A
_aa
sothat 0 = T(TB T,)
or 6 = aaG

Figure 65 Rotation of a Thin Ring with a Linear Axial Temperature Gradient
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APPENDIX F

THERMAL ROTATION CALCULATIONS FOR
SEMIRIGID INTERSTAGE SEAL

1. INTRODUCTION

The final Task I semirigid interstage seal design is shown in Figure 2. The steady-state tem-
perature distribution used in these calculations is given in Figure 41. For the rotation calcu-
lation, the cross section is divided into four sections with the temperatures that are indicated
in Figure 66. Finally, the calculation of thermal rotation is done using equations from
Appendix E. Because of the temperature gradients predicted in Reference 9, the thermal
rotation of the interstage seal should not exceed 2.8 millradians.

2. ANALYSIS

The semirigid seal is divided into four sections as indicated in Figure 66. In the analysis
which follows, sections 1 and 2 are matched and the resulting rotation and radial motion
calculated. This is also done for sections 3 and 4. Finally, sections 1 and 2 are matched to
sections 3 and 4 and the final rotation of the entire seal is computed.

a. SECTIONS 1 AND 2

The following dimensions are used in conjunction with the ring analysis given in Appendix E.

a = 14.0 inches

A, = 0.0464 (in?) T, = 1300(°F)

A, = 0.0525(in?) T, = 1294(°F)

A = 0.0989 (in?) AT=T,-T, =6 (°F)

T = 7.79 x 10°* (in*) 6,*=0,*=0 (radian)

a = 8.5x 10 (radian) 6 = O(radian)

y, = -0.072(n) x = aaAT = 14 (8.5x10°°) (6) = 6.7x10"

AAy X
01, = T = -1.61 (10°?) radians (clockwise)

The amount of outward relative radial motion of the section 2 with respect to section 1 is
given by

A2

Xy == x = 3.74(10%)
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] 0.115 l..

— 0.72 fq—
Cy
(13000 © C,
(1317)
2 o
C
o o C34

(1294) (1312)

0.488 — >

C = Centroid of entire solid section

C1 , = Centroid of combined sections 1 and 2
C34 = Centroid of combined sections 3 and 4
( ) = Temperatures (°F)

Figure 66  Thermal Rotation Model of the Semirigid Interstage Seal

PAGE Nno 212

(1321)

PWA-3302

(14 IN RADIUS)




PRATT & WHITNEY AIRCRAFT PWA-3302

b. SECTIONS 3 AND 4

For this calculation,

a = 14 (inches) v, = 0.115 (@inch)
A,  =0.218(in?) y, = 0.115 (inch)
A, = 0.05 (in?) v, = 0 (inch)
- A = 0.268 (in?) I, =6.65x107 (in*)
2, = 0.6 (inch) I, =6.95x10* (in*)
9, = 0.25(inch) T = 7.35x 1073 (in*)
a = 8.5 x 10°(radian) G, = 9/0.6=15(°F/in)
T, = E_ll+_21_3_2l = 1316.5 (°F) G, = 0(°F/in)
T, = 1317(CPF AT =T,-T,=05(CF)
g,* = aaG, = 1.79 x 1073 (radian) Xg = t93"‘<y3 -% 03*) =2.05x10"% (inch)
6, =0 X =aa AT = 0.059 x 103 (inch)
0=6,*-6,*=-1.79 x10° (radian) X =X -Xg = 1.46 x 107 (inch)
AshaY x I, 0
0%, =0,* + A T = 1.53 x 107 (radian, counterclockwise)

The corresponding outward relative radial motion of the section 4 with respect to section 3
is given by

A

4

——x =275x 1073 (inch)

*
X34_

c. COMPLETE SEAL RING

The conditions used to compute rotation of the complete seal are:

a 14.0 (inch) A,, =0269 (in?)

A

12

]

0.0989 (in2) A = 0.367 (in?)
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- : T - (o}
[,, = 001328 (in*) T,, = 1316.5(°F)
l,, = 0.012(in*) T,, = 1294(°F)
T = 0.0253(in%) X,,* = 3.74x 10"* (inch)
y, = 0.488 (in) X,,* = 2.55x 10 (inch)
y,, = 0356 (in) X, = x}, —x¥, +aa(T,, - T, ,)=2275x 10"
(inch)
Y,s =0.132(n) Xg = -0.58x 1073 (inch)
12
6, ,* = -1.61x 10" (radian) x, = 1.58x10"% (inch)
034
6, = 1.18x 10 (radian) xg = -4.2x10 (inch)
6=(1.18+ 1.61)x10°3 = 2.79x10°3 (radian) x = 2.7x10°3 (inch),
Thus,
A A,y ’
12" 73470
s i x -1, 0(
0, =0,,* + | - | = 343 x 103 (radian)
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